

































































































































U<L# 8%,%+&)(3,)1(#1.#.4!)$#+%51*%+D in vitro#3($ in vivo#<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<#OL#
U<O# 8%,%+&)(3,)1(#1.#+%43,)*%#+%51*%+D#E]]F#in vitro#<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<<#OU#






































































































































R1(%# $%.%5,"# +%a!)+%# 3# ,01+1!60# 9(1?4%$6%# 1.# 20D")1416)534# &%503()"&"# 1.# R1(%# +%23)+<#
Z1(%# 0%34)(6# )"# 3# 51&24%_# 2+15%""# 3..%5,%$# RD# *3+)1!"# &%$)3,1+"<# T%*%+34# )(*%",)63,)1("#
03*%#",!$)%$#,0%#6%(%#%_2+%"")1(#N#,1#O#$3D"#3.,%+#3(#35!,%#1+#%_2%+)&%(,34#.+35,!+%<#S),,4%#)"#
9(1?(#3R1!,#,0%#0!&1+34#3($#5%44!43+#in vivo#+%35,)1(#)(#,0%#%3+4D#",36%"#1.#R1(%#0%34)(6<#Q(#
51(,+3",# ,1# 1,0%+# &%,01$"# 1.# &14%5!4%# "3&24)(6# 3($# $%,%5,)1(K# ?0)50# !"!344D# 4%3$# ,1# ,0%#
)(0)R),)1(#1.# ,0%#R)1416)534# 35,)*),D# .1441?)(6# 51&24%_# "3&24%#2+%23+3,)1(#3($#a!3(,).)53,)1(K#
&)5+1$)34D")"# )"# 3# +%34B,)&%# &1(),1+)(6# ,%50()a!%# ?0)50# 53(# R%# 3224)%$# )(# 4)*)(6# ,)""!%"#
2+1*)$)(6#3#",+1(6# 4)(9#R%,?%%(#3(34D,)534#&%,01$1416D#3($#R)150%&)",+D<# Q(# ,0)"#",!$DK# ,0%#
12,)&34#51($),)1("# .1+#&)5+1$)34D")"# )(#3#5+),)534# ")7%# +3,# 41(6#R1(%#$%.%5,#&1$%4# .1+#R1,0# in
vivo# 3($# in vitro# 3(34D"%"#?%+%# $%*%412%$<#G%$)3,1+"# 3($# 51&21(%(,"# 1.# ,0%# %_,+35%44!43+#
&3,+)_# 155!++)(6# )(# ,0%# .)+",# LV# ,1# VY# 01!+"# 1.# R1(%# 0%34)(6# 415344D# 3($# "D",%&)5344D# ?%+%#
&1(),1+%$# *)3# &)5+1$)34D")"# 3($# R411$# "3&24)(6K# +%"2%5,)*%4D<# H!+,0%+&1+%K# (1*%4# 2+1,%)("#
3($#,0%)+#&1$!43,)1(#?%+%#%_241+%$#$!+)(6#,0)"#,)&%#.+3&%<#
In vitro#&)5+1$)34D")"#?3"#!"%$#,1#12,)&)7%#,0%#51($),)1(#.1+#2+1,%)(#+%51*%+D<# $$),)1(#1.#
R1*)(%# "%+!&# 34R!&)(# EZT F# +%"!4,%$# )(# 3(# %(03(5%$# +%51*%+D# 1.# )(,%+4%!9)(# EQSFBW<# I0%#
&3_)&34#+%43,)*%#+%51*%+D#E]]F#?3"#.+1&#NU<Md#?),01!,#ZT #3($#LO<Wd#?),0#ZT K#?0)4%#,0%#
&3_)&34# ]]# 1.# ,+3(".1+&)(6# 6+1?,0# .35,1+# EI@HFBβN# ?3"# NN<Ld# ?),0# ZT # 3($# ,0%#
51(5%(,+3,)1(# 1.# I@HBβN# ?3"# R%41?# ,0%# $%,%5,)1(# 4)&),# 1.# %(7D&%B4)(9%$# )&&!(1"1+R%(,#
3""3D# ECSQT F#?),01!,#ZT <#'")(6# in vivo#&)5+1$)34D")"K# ,1,34#2+1,%)(#51(5%(,+3,)1("#*3+)%$#
R%,?%%(# M<LM±M<NL# &6^&S# 3($# M<VV±M<NY# &6^&S<#  &1(6# ,0%# &%$)3,1+"# 2+1$!5%$# )(# ,0%#
.+35,!+%# 0%&3,1&3# ?),0)(# LV# 0# 3.,%+# ,0%# )(e!+DK# QSBW# ?3"# "%5+%,%$# ?),0# ,0%# 0)60%",#
51(5%(,+3,)1(# 1.# OM\<N# 26^&S#R%,?%%(#NL# 3($# NU# 0# 3.,%+# 5+%3,)1(# 1.# ,0%# 5+),)534# ")7%# R1(%#
$%.%5,<#G%3(?0)4%K#,0%#$%,%5,3R4%#51(5%(,+3,)1("#1.#I@HBβN#)(#&)5+1$)34D"3,%"#+3(6%$#.+1&#
O<W#,1#VV<M#26^&S#3($#)(#R411$#243"&3#I@HBβN#?3"#51(",3(,4D#2+1$!5,%$#+3(6)(6#.+1&#WUW<O#
,1# YO\Y<L# 26^&S# .1+# LV# 0# 3.,%+# R1(%# $%.5,<# G1+%1*%+K# 3(1,0%+# 51(",3(,# 2+1$!5,%$# 6+1?,0#
.35,1+# )(# R411$# 243"&3# ?3"# ;8@HBZZ# 3($# ,0%# 51(5%(,+3,)1(# +3(6%$# .+1&# LLL<N# ,1#
UY\<V#26^&S .1+# Y# 0# 3.,%+# R1(%# $%.%5,<# '")(6# 0)60# 2%+.1+&3(5%# 4)a!)$# 50+1&3,16+320DB
,3($%&# &3""# "2%5,+1&%,+D# E=;S-BGT^GTFK# OW# 2+1,%)("# ?%+%# )$%(,).)%$# )(# ,0%#
&)5+1$)34D"3,%"#1*%+#Y#0K#3($#YYV#2+1,%)("#?%+%#)$%(,).)%$#1(#2+1R%"#?0)50#?%+%#)&243(,%$#
)(,1# ,0%# R1(%# $%.%5,# 1*%+# LV# 0<#  &1(6# ,0%# 2+1,%)("# )$%(,).)%$# )(# ,0%# 0%&3,1&3K# 1(4D# 3#
&)(1+),D# 1+)6)(3,%$# .+1&# ,0%# %_,+35%44!43+# "235%<# ;+1,%)(# 3(34D")"# )($)53,%$# .)*%# 23,0?3D"#
3""15)3,%$#?),0#R1(%#0%34)(6#,03,#?%+%#1*%++%2+%"%(,%$#3.,%+#5+%3,)(6#"1.,#,)""!%#3($#R1(%#





0%&3,1&3<# I0%"%# 2+1,%)("# 3+%# 21,%(,)344D# 3""15)3,%$# ,1# %3+4D# R1(%# 0%34)(6<#  "# "%%(# RD#
0)",1416)534# 3(34D")"K# 214D&1+201(!54%3+# 4%!915D,%"# E;G["F# 3($# 4D&2015D,%"# 2%(%,+3,%$#
)(,1#,0%#.+35,!+%#0%&3,1&3#)&&%$)3,%4D#3.,%+#"!+6%+D#3($#2%39%$#3,#LV#0<##
I0)"# ",!$D# .1+# ,0%# .)+",# ,)&%# 2+%"%(,"# $3,3# .+1&# R1,0# ,0%# 41534# 3($# "D",%&)5# 35!,%#
+%"21("%#,1#R1(%#3($#"1.,#,)""!%#)(e!+D#)(#3#"&344#3()&34#&1$%4<#I0%#+%"!4,"#1.#&5+1$)34D")"#









'21(# )(e!+DK# R1(%# ,)""!%# )"# 3R4%# ,1# !($%+61# 0%34)(6# 2+15%""#?),0# +%&3+93R4%# "%4.B+%23)+)(6#
53235),D#?),01!,#.)R+1!"#"53+#.1+&3,)1(<#I0%#.+35,!+%#0%34)(6#2+15%""#51(")","#1.#,0%#.1441?)(6#
V#(3,!+34#",36%":#NF#)(.43&&3,)1(K#LF#"1.,#5344!"K#OF#03+$#5344!"K#VF#+%&1$%4)(6#EH)6<#NF#EA143+#





)(e!+D#1.#R411$#*%""%4"#3,# ,0%#.+35,!+%#"),%<#I0%#632#1.# ,0%#.+35,!+%# )"#"11(#155!2)%$#RD# ,0%#
0%&3,1&3# 3($# 0%&1",3")"# 155!+"# )&&%$)3,%4D# E/739)# %,# 34<K# LMMMf# T50&)$,BZ4%%9# %,# 34<K#
LMM\F<#H1441?)(6#,0%#.1+&3,)1(#1.#,0%#0%&3,1&3K#,0%#)(.43&&3,)1(#+%"21("%#)"#)(),)3,%$<#I0%#
35!,%# )(.43&&3,)1(#2%39"#?),0)(#LV#0#3($#53(# 43",# .1+#"%*%+34#$3D"#E-01#%,#34<K#LMMLF<#I0%#
2+%$1&)(3(,# 20%(1&%(1(# 3,# ,0)"# ",36%# )"# )(.)4,+3,)1(# 1.# )&&!(%# 3($# )(.43&&3,1+D# 5%44"#
$%+)*%$#.+1&#R1(%#&3++1?K#"!++1!($)(6#"1.,# ,)""!%"#1+# 4%39)(6#.+1&#,0%#$%",+!5,%$#*%""%4"<#
G%3(?0)4%K#,0%#&%"%(50D&34#",%&#5%44"#EGT-"F#1+#1",%12+16%(),1+"#+%5+!),#,1#,0%#41534#"),%#
















EH+1",K# N\Y\F<# C($1501($+16%(%")"# 3($# )(),)34# 1"").)53,)1(# 3+%# ,0%# 2+%$1&)(3(,# .%3,!+%"#
$!+)(6# ,0)"# ",36%<# I+3(".1+&)(6# 6+1?,0# .35,1+# EI@HFBβ# )"# $)"5!""%$# ,1# R%# )(*14*%$# )(# ,0%#
)(),)3,)1(#1.#5344!"# .1+&3,)1(# EZ1",+1&K#N\\YF<# .,%+# +%&1*)(6#6+3(!43,)1(# ,)""!%#RD# )(*3$)(6#
&35+12036%"# 3($# 6)3(,# 5%44"K# ,0%# 53+,)436%# )"# 6+3$!344D# .1+&%$# RD# $)..%+%(,)3,)(6# 3($#
2+14).%+3,)(6# 501($+15D,%"# EC)(01+(K# N\\YF<#8!%# ,1# ,0%# "%5+%,)1(# 1.# 501($+15D,%"# 3($# ,0%)+#
2+16%(),1+"K#,0%#53+,)436%#%_,+35%44!43+#&3,+)_#EC-GF#)"#3R!($3(,#?),0#2+1,%164D53("#"!50#3"#




8!+)(6# ,0%# "1.,# 5344!"# .1+&3,)1(K# 2+14).%+3,)(6# 3($# $)..%+%(,)3,)(6# 1",%1R43","# ",3+,# ,1#
6%(%+3,%#?1*%(#R1(%#R%(%3,0#,0%#2%+)1",%!&#E[393&!+3#%,#34<K#N\\Yf#C)(01+(K#N\\YF<#J0%(#
,0%#"1.,#5344!"#R%51&%"#0D2%+,+120)5#3($#,0%#.+35,!+%#",3R)4)7%"K#,0%#53+,)436%#C-G#6+3$!344D#
&)(%+34)7%"# *)3# ,0%# 0D2%+,+120)5# 501($+15D,%"# 3($# 43,%+# 1",%1R43","<# /",%15345)(# 3"# ,0%#
&3+9%+#1.#1",%16%(%")"# )"# )(),)344D#$%,%5,%$#EC)(01+(K#N\\YF<#I0%(#,0%#53+,)436%# )"#$%6+3$%$#
RD# 35,)*3,%$# 501($+1543","# EC)(01+(K# N\\YF<# J),0# 3212,1")"# 1.# 501($+15D,%"K#
1",%12+16%(),1+"# 3($# 532)443+)%"# )(*3$%# )(,1# ,0%# &)(%+34)7%$# 53+,)436%# ?),0# ,0%#




I0%# +%&1$%4)(6# ",36%# )(),)3,%"# 322+1_)&3,%4D# "%*%+34# ?%%9"# 3.,%+# .+35,!+%# 3($# 53(#
51(,)(!%#.1+#D%3+"#!(,)4#,0%#3..%5,%$#R1(%#+%63)("#),"#1+)6)(34#"032%K#",+!5,!+%#3($#&%503()534#





&%3(,)&%K# ,0%# +%"1+2,)1(# 1.# )(,%+(34# 5344!"# 6%(%+3,%"# ,0%# &%$!443+D# 53(34# EG3+71(3# b#
;3*14)()K#LMM\F<##
L<N<L# C3+4D#",36%#1.#)(.43&&3,)1(#
8!+)(6#?1!($#0%34)(6# )(.43&&3,)1(#03"#2+1.1!($#20D")1416)534# 2!+21"%"# "!50#3"#01",#
$%.%("%# 363)(",# )(.%5,)1(K# +%",1+3,)1(# 1.# ,0%# 01&%1",3,)5# ",3,%K# 3$32,)1(# ,1# ",+%""K# ,)""!%B
+%23)+# +%"21("%# 3($# +%",1+3,)1(# 1.# .!(5,)1(# ES)# %,# 34<K# LMMX3F<# I0%# 5%44!43+# 35,)1("# 3($#
)(.43&&3,1+D# ")6(34"# .1441?)(6# )(e!+D# 3+%# 5+),)534# )(# +%"21("%# ,1# ,+)66%+# 3($# +%6!43,%# R1(%#
+%6%(%+3,)1(# 3($# .1+# "!55%"".!4# R1(%# +%23)+# EG1!(,7)3+)"# %,# 34<K# LMMYF<# J0%(# ,0%#





%_,+)(")5#23,0?3D#$%2%($"#1(# ,0%#+%4%3"%#1.# ,)""!%# .35,1+K#?0%+%3"# ,0%# )(,+)(")5#23,0?3D# )"#
35,)*3,%$#?0%(# ,0%#C-G# )"# %_21"%$# )(# ,0%# *3"5!43+#?344# E%<6<# 514436%(F# 3($# 35,)*3,%"# ,0%#
243,%4%,"#$!%#,1#,0%#)(e!+D<#Z1,0#23,0?3D"#53(#35,)*3,%#5136!43,)1(#.35,1+#`#EH`F#,1#H`3#3($#
"!R"%a!%(,4D# 6%(%+3,%# ,0+1&R)(# ,03,# 54%3*%"# ,0%# "14!R4%# 243"&3# .)R+)(16%(# )(,1#&1(1&%+#
.)R+)(#EZ3!&#b# +2%DK#LMMUf#-0!K#LMNMF<#I0%#.)R+)(#&1(1&%+"#51*34%(,4D#5+1""B4)(9#?),0#H`QQQ#
?0)50# )"# +%4%3"%$#RD#35,)*3,%$#243,%4%,"<#=%(5%K#3#",3R4%# )("14!R4%#.)R+)(#541,# .1+&"<# Q(#3#+3,#
+)R"# .+35,!+%#&1$%4K# ,0%# .)R+)(# 541,# ?3"# .1+&%$# 3,# ,0%# %($# 1.# .+35,!+%$# .+36&%(,# NL# 0# 3.,%+#
"!+6%+D# EZ+)60,1(# b# =!(,K# N\\NF<# J),0# ,0%# 5136!43,)1(K# ,0%# 541,# R%51&%"# ,0%# &3,+)_# .1+#
+%5+!),&%(,#1.#&)6+3,)(6#1+#+%")$%(,#5%44"#3($#,0%#+%"%+*1)+#1.#&%$)3,1+"#EA!+9)(%(#%,#34<K#N\YMf#
T,+%%,# %,# 34<K# LMMMF<# G3(D# &%$)3,1+"# $%+)*%$# .+1&# 35,)*3,%$# $%6+3(!43,)(6# 243,%4%,"# 53(#
,+)66%+#50%&1,35,)5#")6(34"<#I0%#+%4%3"%$#&%$)3,1+"#)(54!$%#.)R+1R43",#6+1?,0#.35,1+#EH@HFBLK#
243,%4%,B$%+)*%$# 6+1?,0# .35,1+# E;8@HFK# 43+6%# a!3(,),)%"# I@HBβNK# %2)$%+&34# 6+1?,0# .35,1+K#
βB,0+1&R1641R!4)(K# E-B`B-#&1,).F# 4)63($# E-`-SFBVK# 0)",3&)(%K#"%+1,1()(#3($#2+1",3643($)("#
E@+!R%+# %,# 34<K# LMMOf# Z+1!60,1(# %,# 34<K# LMMWF<#  ,,+)R!,%$# ,1# ,0%# 21?%+.!4# &%$)3,1+"K# ,0%#
243,%4%,"# 3+%# )(*14*%$# )(#&3(D# 2+15%""%"# $!+)(6# .+35,!+%# 0%34)(6# R%")$%# 5136!43,)1(<#I0%D#
3+%#3""15)3,%$#?),0# ,0%# )(),)3,)1(#3($#,0%#&1$!43,)1(#1.# )&&%$)3,%#R1(%#.+35,!+%#$!%#,1# ,0%#






,)""!%<# H!+,0%+&1+%K# ),# )"# 34"1# )(*14*%$# )(# ,0%# 2+15%""%"# 1.# 12"1()73,)1(# 1.# 23,016%("K#
.1+&3,)1(# 1.# 3(320D43,1_)("# 1+# %4)&)(3,)1(# 1.# )&&!(%B51&24%_%"# $!+)(6# )(.43&&3,)1(#
EC0+(,0344%+#%,#34<K#LMNNF<#I0%#51&24%&%(,#"D",%&#)"#35,)*3,%$#,0+1!60#O#?3D":#,0%#543"")534K#
,0%#34,%+(3,)*%K#3($# ,0%# 4%5,)(#23,0?3D<# 44#O#?3D"#53(# )($!5%#,0%#51&24%&%(,#51&21(%(,"#
-OR#3($#-UR# .+1&#-O#3($#-U<#-OR#3($#-UR#(1,# 1(4D# 4%3$# ,1# ,0%# .1+&3,)1(#1.#&%&R+3(%#
3,,359# 51&24%_# ?0)50# 53!"%"# ,0%# 23,016%("# 4D")"K# R!,# 53(# 34"1# R)($# ?),0# 23,016%("# 3($#
2+1&1,%#203615D,1")"#RD#(%!,+120)4"#3($#&35+12036%"#3"#12"1()("<# .,%+#R1(%# )"# )(e!+%$K#
,0%D#34"1#.!(5,)1(#%""%(,)344D#.1+#,0%#R1(%#+%6%(%+3,)1(#ET501%(6+3.#%,#34<K#LMNOF<# 23+,#.+1&#
,0%# ",+1(6# )&&!(%# 3($# )(.43&&3,1+D# +%"21("%# )($!5%$# RD# ,0%# 51&24%&%(,"K# ?0)50#
)(.4!%(5%"# .+35,!+%# 0%34)(6# )($)+%5,4DK# ,0%# 51&24%&%(,"# %_%+,# ,0%# 21,%(5D# )(# ,0%# 3"2%5,"# 1.#
1",%12+16%(),1+"#E]%59(36%4#%,#34<K#LMNLf#T501%(6+3.#%,#34<K#LMNOFK#I0%#3(320D43,1_)("#E-O3#
3($#-U3F#54%3*%$#.+1&#-O#3($#-U#35,#3"#21?%+.!4#50%&13,,+35,3(,"#.1+#0!&3(#GT-" in vitro#




































*3"1$)43,3,)1(# 3($# %4%*3,)1(# 1.# *3"5!43+# 2%+&%3R)4),D# 155!+# $!%# ,1# %..%5,"# 1.# ,0%#
*3"151(",+)5,1+"# ,03,# 3+%# 2+1$!5%$# RD# ,0%# 35,)*3,%$# 243,%4%,"# 4)9%# 0)",3&)(%K# "%+1,1()(# 3($#
2+1",3643($)("<##
J),0# ,0%# *3"1$)43,3,)1(K# ,0%# %4%*3,)1(# 1.# *3"5!43+# 2%+&%3R)4),D# 3($# ,0%# 50%&1,35,)5#
6+3$)%(,#1.#50%&13,,+35,3(,"K#)(.43&&3,1+D#5%44"#3($#2+16%(),1+"#&)6+3,%#,1?3+$"#,0%#)(e!+%$#
"),%<#  &1(6# ,0%# )(.43&&3,1+D# 5%44"# (%!,+120)4"K# &1(15D,%"# 3($# &35+12036%"# 3+%#
2+%$1&)(3(,#E=)%,R+)(9#%,#34<K#LMMWf#S)#%,#34<K#LMMX3F<#I0%#&)6+3,)1(#1.#,0%"%#5%44"#$%2%($"#1(#
,0%#!2+%6!43%$#%_2+%"")1(#1.#5%44#3$0%")1(#&14%5!4%"#E- GF#1(#%($1,0%4)34#5%44"#EZ%3&%+#%,#
34<K# LMNMF<# H!+,0%+&1+%K# ,0%D# &)6+3,%# ,1# ,0%# )(e!+%$# "),%# "%a!%(,)344D<# [%!,+120)4"K# 3"# ,0%#
&3e1+#23+,#1.#214D&1+201(!54%3+#4%!915D,%"#E;G["FK#3+%#9(1?(#,1#R%#,0%#.)+",#6+1!2#1.#5%44"#
3++)*)(6#3,#,0%#"),%#1.#)(e!+D<#I0)"#&)60,#R%#$!%#,1#,0%#0)60%+#2%+5%(,36%#1.#(%!,+120)4"#)(#,0%#
R411$# 51&23+%$# ,1# &1(15D,%"# 3($# ,1# ,0%# 9)(%,)5"# 1.# %_2+%"")1(# 1.# 4%!91B%($1,0%4)34#
3$0%")1(#&14%5!4%"# EA3243("9)# %,# 34<K# LMMOF<# G1+%1*%+K# 5D,19)(%"# 3($# 50%&19)(%"# 243D# 3#
+14%#.1+# ,0%#&)6+3,)1(#1.#(%!,+120)4"<# QSE)(,%+4%!9)(FBN#3($#,!&1+#(%5+1")"#.35,1+#EI[HFBα#53(#
2+1&1,%# ,0%# %_2+%"")1(# 1.# *3"5!43+# 5%44# 3$0%")1(# &14%5!4%"# EP- GFBN# 3($# %($1,0%4)34#
4%!915D,%# 3$0%")1(# &14%5!4%# ECS GFBN# 1(# R411$# *%""%4"# 3($# %(03(5%# ,0%# (%!,+120)4#
&)6+3,)1(#E;104&3(#%,#34<K#N\YWf#/"R1+(#%,#34<K#N\Y\f#Z%*)435a!3#%,#34<K#N\Y\F<# QSBWB"QSBW]α#
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"2%5).)5#.1+#+3,#PC@H#?3"#3$$%$#)(#%350#?%44<# .,%+#)(5!R3,)(6#.1+#N#0#3,#+11&#,%&2%+3,!+%#1(#
,0%#"039%+#3,#OMM#+2&K#%350#?%44#?3"#?3"0%$#U# ,)&%"#363)(#,1#+%&1*%#!(R1!($#3(,)R1$DB
%(7D&%# +%36%(,<# I0%(# NMM#µ4# "!R",+3,%#?3"# 3$$%$# ,1# %350#?%44"# 3($# ,0%#&)5+1243,%#?3"#
)(5!R3,%$#)(#$3+9#.1+#,0%#OM#&)(<#I0%#+%35,)1(#?3"#",122%$#RD#3$$)(6#NMM#µS#",12#"14!,)1(#)(#
%350# ?%44<# I0%# 12,)534# $%("),D# ?3"# +%3$# RD# 3# &)5+1243,%# +%3$%+# 3,# VUM# (&# 3($# UVM# (&<#








%350#?%44# 1.# ,0%#&)5+1243,%#?0)50# 03"# R%%(# 2+%B513,%$#?),0#&1(1541(34#I@HBβN#3(,)R1$D<#
 .,%+?3+$"K#UM#µ4#2+%23+%$#"3&24%#3($#",3($3+$#?%+%#2435%$#)(,1#%350#?%44#1.#,0%#&)5+1243,%<#
I0%(# ,0%# &)5+1243,%# ?3"# )(5!R3,%$# 3,# +11&# ,%&2%+3,!+%# .1+# L# 0<# H1441?)(6# ?3"0)(6# ,0%#
&)5+1243,%# V# ,)&%"K# NMM# µ4# 51(e!63,%# ?0)50# 51(,3)(%$# %(7D&%B4)(9%$# 214D541(34# 3(,)R1$D#
"2%5).)5#.1+#+3,#I@HBβN#?3"#3$$%$#)(#%350#?%44<# .,%+#)(5!R3,)(6#.1+#L#0#3,#+11&#,%&2%+3,!+%K#
,0%#%350#?%44#?3"#?3"0%$#V#,)&%"#363)(#,1#+%&1*%#!(R1!($#3(,)R1$DB%(7D&%#+%36%(,<#I0%(#







ZG;BL# EM–VMMM#26^&SF#?3"# 2+%23+%$# RD# 534)R+3,1+# $)4!%(,#]8U;# EN_F<#I0%(K# UM#µS#3""3D#
$)4!%(,#]8NBN\O#?%+%#3$$%$#,1#%350#?%44#1.#,0%#&)5+1243,%#?0)50#03"#R%%(#2+%B513,%$#?),0#
&1(1541(34#ZG;BL#3(,)R1$D<# .,%+?3+$"K# UM#µS# .)(34# *14!&%#1.# ",3($3+$#3($#"3&24%#?%+%#
2435%$#)(,1#%350#?%44#1.#,0%#&)5+1243,%<#I0%#&)5+1243,%#?3"#)(5!R3,%$#3,#+11&#,%&2%+3,!+%#
.1+#L#0#1(#"039%+#3,#OMM# +2&<#H1441?)(6#?3"0)(6# ,0%#&)5+1243,%#V# ,)&%"K#LMM#µ4# 51(e!63,%#
?0)50# 51(,3)(%$# %(7D&%B4)(9%$# 214D541(34# 3(,)R1$D# "2%5).)5# .1+#ZG;BL#?3"# 3$$%$# )(# %350#
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!")(6# ,0%#"1.,?3+%#/+)6)(#*%+")1(#Y<M#R3"%$#1(# ,0%#",3($3+$#5!+*%<#I0%#$%,%5,)1(# 4)&),#?3"#
NN#26^&S#3551+$)(6#,1#,0%#)(",+!5,)1(#)(#,0%#&3(!34<#
V<Y<U# ;+1,%1&%#2+1.)4%+IG#3++3D#
I0%# 2+1,%1&%# 2+1.)4%+IG# 3++3D# 53(# $%,%5,# L\# $)..%+%(,# 5D,19)(%"# 3($# 50%&19)(%"#
")&!4,3(%1!"4D#EI3R4%#VF<#Z+)%.4DK#&)5+1$)34D"3,%#?3"#5144%5,%$#?),0#;C]^Nd#ZT #)(#O#0B)(,%+*34#




$%,%5,)1(# 3(,)R1$D# 5159,3)4# ?3"# 3$$%$<#  .,%+?3+$"K# ),# ?3"# )(5!R3,%$# .1+# N# 0# 3,# +11&#
,%&2%+3,!+%<# .,%+#+%&1*)(6#,0%#R4159#R!..%+#.+1&#,0%#VB?%44#&!4,)B$)"0K#,0%#"3&24%^3(,)R1$D#
&)_,!+%# ?3"# 2435%$# )(,1# ,0%# VB?%44# &!4,)B$)"0<# I0%(# ,0%#&%&R+3(%# ?3"# )(5!R3,%$# 3,# V°-#
1*%+()60,#1(#"039%+<# .,%+#?3"0)(6#,0%#&%&R+3(%#?),0#R4159#R!..%+#O#,)&%"#.1+#NM#&)(K#L#&S#
$)4!,%$# 43R%4%$# ",+%2,3*)$)(B01+"%+3$)"0# 2%+1_)$3"%# ?3"# 3$$%$# ,1# %350# ?%44# 3($# ,0%#
&%&R+3(%#?3"# )(5!R3,%$# .1+#OM#&)(#3,# +11&# ,%&2%+3,!+%#1(#"039%+<#I0%(# ,0%#&%&R+3(%#
?3"# ?3"0%$# ?),0# R4159# R!..%+# O# ,)&%"# 363)(<#  .,%+?3+$"K# ,0%# )&&!(1+%35,)*%# "21,"# ?%+%#
















-`-SBN# -`-SBOα# -`-SBL# -[IH# -`O-SN# @GB-TH# "Q- GBN# QH[Bγ#
QSBNα# QSBNβ# QSBN+3# QSBL# QSBO# QSBV# QSBW# QSBNM#
QSBNO# QSBNX# -`-SBNM# -`-SBU# SBT%4%5,)(# -`-SB\# --SO# --SBLM#
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0# E(jWF#?%+%# 2+%23+%$# .1+# 3(34D")"# RD#8+<#T,%.3(#A34901.# E8%23+,&%(,#1.#;+1,%1&)5"K#I0%#
=%4&014,7#-%(,+%#.1+#C(*)+1(&%(,34#]%"%3+50K#S%)27)6F<#I0%#&)5+1$)34D"3,%"#?%+%#$%"34,%$#
3($# 3(34D7%$# RD# 2+%5)2),3,)1(<# G%3(?0)4%K# ,0%# 2+1,%)("# 1(# ,0%# 2+1R%# ?%+%# "%23+3,%$# RD#
U–LMd#6+3$)%(,# "1$)!&# $1$%5D4# "!4.3,%# 214D35+D43&)$%# 6%4# %4%5,+1201+%")"# ET8TB; @CF#
!")(6#3#51(",3(,#5!++%(,#1.#NU#& #.1+#L#0#3($#OM#& #.1+#L#0K#?0)50#?3"#2%+.1+&%$#RD#8+<#',%#
=%&2%4#EQ(",),!,%#1.#;0D")1416)534#-0%&)",+DK#I'#8+%"$%(F<#C350#43(%#?3"#5!,#)(,1#Y#"4)5%"#1.#
322+1_)&3,%4D# N# 5&L<# C350# "4)5%# ?3"#?3"0%$# ,?)5%# ?),0# LMM#µS#?3"0# "14!,)1(# .1+# N# 0# 1(#
"039%+<# I0%(K# LMM# µS# 1.# 35%,1(),+)4%# ?3"# 3$$%$<# I0%# "3&24%"# ?3"# 9%2,# "039)(6# 3,# +11&#
,%&2%+3,!+%# .1+# U# &)(<# I0%# 6%4# 2)%5%"# ?%+%# $%0D$+3,%$# .1+# U# &)(# 3,# +11&# ,%&2%+3,!+%<#
 .,%+?3+$"K#,0%#2+1,%)("#1(#%350#6%4#2)%5%#?3"#+%$!5%$#)(#WM#µS#NM#&G#$),0)1,0+%),14#3,#+11&#
,%&2%+3,!+%#"039)(6# .1+# OM#&)(<# S3,%+K# 2+1,%)("# )(#6%4"#?%+%#349D43,%$#?),0#WM#µS#NMM#&G#
)1$135%,3&)$%# "039)(6# .1+# OM# &)(# 3,# +11&# ,%&2%+3,!+%<# [%_,# LMM# µS# 1.# 35%,1(),+)4%# ?3"#
3$$%$#,1#,0%#6%4#2)%5%"#.1+#U#&)(#"039)(6#3($#,0%(#,0%#6%4#2)%5%"#?%+%#$%0D$+3,%$#.1+#U#&)(<#
I0%+%3.,%+# %350#6%4# 2)%5%#?3"# +%0D$+3,%$# )(#NMM#µS#1.#NM#&G#3&&1()!&#R)53+R1(3,%# .1+#
NM#&)(#"039)(6# 3,# +11&# ,%&2%+3,!+%<# I0%(# LMM# µS# 1.# 35%,1(),+)4%# ?3"# 3$$%$# .1+# U# &)(#
"039)(6#3($#,0%#6%4#2)%5%"#?3"#$%0D$+3,%$#.1+#U#&)(#363)(<#H1441?)(6K#2+1,%)("#)(#6%4#?%+%#
$)6%",%$#?),0#LM#µS#NM#µ6^&S#,+D2")(#?),0#1*%+()60,#)(5!R3,)1(#3,#OX°-#3($#,0%#+%35,)1(#?3"#
",122%$#RD#3$$)(6#Ud# .1+&)5#35)$# E.)(34# 51(5%(,+3,)1(:#LdF<#I0%#51(,3)()(6#2%2,)$%"#?%+%#
%_,+35,%$# ?),0# UMd# 35%,1(),+)4%# 3($# 43,%+# ?%+%# $+)%$# !")(6# *35!!&# 5%(,+).!63,)1(<# I0%#
2%2,)$%"#?%+%#+%51(",),!,%$#)(#LM#µS#M<Nd#.1+&)5#35)$<#
I0%#"3&24%"#?%+%#3(34D7%$#RD#(3(1B0)60#2%+.1+&3(5%# 4)a!)$# 50+1&3,16+320D# E=;S-F#
2+)1+# ,1# ,3($%&#&3""# "2%5,+1&%,+D# EGT^GTF# E8+<# T,%.3(#A34901.K# 8%23+,&%(,# ;+1,%1&)5"K#
'H># S%)27)6F<# [3(1B=;S-# "D",%&# 51!24%$# ,1# 3(# 1+R),+32# &3""# "2%5,+1&%,%+# *)3# 3#
(3(1%4%5,+1"2+3D#)1(#"1!+5%#?3"#!"%$<##
83,3R3"%#"%3+50#1.#2+1,%)("#$%+)*%$#.+1&#,0%#&)5+1$)34D"3,%"#3($#2+1,%)("#3$"1+R%$#1(#
,0%# 2+1R%"# ?%+%# 2%+.1+&%$# RD# !")(6# ;+1,%1&%# 8)"51*%+%+# !,)4)7)(6# ,0%# G T-/I# "%3+50#
3461+),0&#!")(6#,0%#Q(,%+(3,)1(34#;+1,%)(#Q($%_#EQ;QF#$3,3R3"%<##




G1+%1*%+K# '();+1,AZ# E0,,2:^^???<!()2+1,<1+6^F# ?3"# !"%$# ,1# 51&24%,%# 3((1,3,)1(# .1+# ,0%#
!()$%(,).)%$#2+1,%)("#)(#;3(,0%+#$3,3R3"%<#
V<NM# =)",1416)534#3(34D")"#




%&R%$$%$# )(# 23+3..)(<# T%5,)1("# 1.# N#µ&#?%+%# 5!,# .+1&# ,0%# 5%(,%+# 1.# ,0%# 0%&3,1&3# 1(# 3#
+1,3,)1(#&)5+1,1&%<#I0%# "%5,)1("#?%+%# )(5!R3,%$# .1+# NU#&)(# )(# 0%&3,1_D4)(K# .1441?%$#RD# 3#




×VMM<# I0%# 3&1!(,# 1.#&1(1(!54%3,%$# 3($#&!4,)(!54%3,%$# 5%44"# ?01"%# (!54%)# ?%+%# ",3)(%$#
R4!%#?%+%#51!(,%$#2%+#41?#21?%+#.)%4$#1(#OM#0)",1416)534#"4)5%"#2%+#+3,<#
V<NN# T,3,)",)534#3(34D")"#
T3&24%"# ?%+%# 3(34D7%$# RD# A+!"934BJ344)"# ,%",<# H!+,0%+&1+%K# 1(5%# 3# ")6()fi53(5%# ?3"#
"01?(K# ,0%# 23)+# 51&23+)"1(# ,%",# ?3"# 2%+.1+&%$# ,1# 51&23+%# ,0%# $3,3# 3,# ,0%# $)..%+%(,# ,)&%#
21)(,"#1+#)(,%+*34"<#G3((BJ0),(%DBJ)451_1(#,%",#?3"#!"%$#,1#5345!43,%#,0%#$)..%+%(5%#1.#$3,3#
R%,?%%(# +3,"# ?),0# "1.,# ,)""!%# $%.%5,# 3($# +3,"# ?),0# R1(%# $%.%5,# 3,# ,0%# "3&%# ,)&%# 21)(,# 1+#
)(,%+*34<#I0%#R)(1&)34# ,%",#?3"#!"%$#,1#51&23+%#,0%(#2+1,%)(# 4)",# ,1# ,0%#+%.%+%(5%# 4)",# )(# ,0%#
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U<L# 8%,%+&)(3,)1(#1.#.4!)$#+%51*%+D in vitro#3($ in vivo#
I0%# .4!)$# +%51*%+D# )"# 3# 23+3&%,%+# ,1# )$%(,).D# ,0%# 4%*%4# 1.# .4!)$# 41""# 3($# )($%_%"# ,0%#




.4!)$# +%51*%+D# in vitroK# ,0%# 51441)$#2%+.!"3,%# +%"!4,%$# )(# 3# 0)60%+# .4!)$# +%51*%+D# 3,# ,0%# "3&%#
.41?# +3,%# EH)6<#UF<# ,# .41?# +3,%#1.# L<M#µS^&)(# ,0%# .4!)$# +%51*%+D#?3"#YX<U±L<Vd#?0%(#!")(6#
;C]<# I0%# 3$$),)1(# 1.# M<MNdK# M<ML# 1+# M<MVd# 8%_,+3(BXM# )(5+%3"%$# ,0%# .4!)$# +%51*%+D# ,1#
\\<L±U<OdK#\\<W±M<Wd#3($#\N<L±N<Yd#3,# ,0%# "3&%# .41?# +3,%<#;C]#34"1# )($!5%$# ,0%# 41?%+#










In vivoK# ,0%# .4!)$# +%51*%+D# ?3"# $%,%+&)(%$# ?0%(# !")(6# ;C]# 1+# ;C]# ?),0#
M<MN–M<Vd#8%_,+3(BXM#3,# *3+)1!"# .41?# +3,%"#1.# M<UK# N<M#3($#L<M#µS^&)(# .+1&# +3,"#?),0#R1(%#
$%.%5,#E(jVF#3($#+3,"#?),0#"1.,#,)""!%#$%.%5,#E(jOF<#
I0%#+%"!4,"#1.# ,0%#.4!)$#+%51*%+D# .+1&#+3,"#?),0#"1.,# ,)""!%#$%.%5,"#?%+%#6)*%(# )(#H)6<#W<#
;%+.!")(6#;C]# 3($#;C]^M<MLd#8%_,+3(BXM# %_0)R),%$# 41?%+# .4!)$# +%51*%+D# EYW<L±\<Od# 3($#
\L<L±Y<VdF#?0)50#?3"#!"%$#3,#,0%#)(),)34#N#0#3.,%+#"!+6%+D#3,#.41?#+3,%#M<U#µS^&)(#51&23+%$#
,1# !")(6#;C]^M<MNd#3($# M<MVd#8%_,+3(BXM# ENMN<M±U<Nd#3($#NMM<M±U<YdF<# ,# 0)60%+# .41?#
+3,%#1.#N<M#3($#L<M#µS^&)(K#344#.4!)$#+%51*%+)%"#?%+%#3R1*%#\Yd#.1+#344#2%+.!"3,%"<#
'
?#&1' I=#?6:#.' %)/!3)%7' *%!5' in vivo'5#/%!.#,67+#+' #"' %,$+'<#$('+!*$' $#++:)'.)*)/$1'83,3#
+%2+%"%(,#&%3(±T8#3($#(jO#.1+#%350#51($),)1(<#I0%#"3&24%"#?%+%#5144%5,%$#.1+#N#0#3,#%350#





































































Q(# +3,"# ?),0# R1(%# $%.%5,K# "3&24)(6# 2+15%$!+%# ",3+,%$# ?),0# $)..%+%(,# 2%+.!"3,%"#
34,%+(3,)*%4D# EI3R4%#LF<#J0%(# ,0%# 51(5%(,+3,)1(#1.#8%_,+3(BXM# )(#;C]#?%+%#M<N–M<VdK#3,# 3#
.41?#+3,%#1.#M<U#µS^&)(K#,0%#.4!)$#+%51*%+D#")6().)53(,4D#$%5+%3"%$#,1#YV<V#d#3.,%+#3$$)(6#M<Ld#
3($# M<Vd# 8%_,+3(BXM# )(# ;C]# E2lM<MUF# EH)6<# X3F<#J0%(# ,0%# 51(5%(,+3,)1("# 1.# 8%_,+3(BXM#




?#&1' K=' ?6:#.' %)/!3)%7' *%!5' in vivo' 5#/%!.#,67+#+' #"' %,$+' <#$(' -!")' .)*)/$1' 83,3#
+%2+%"%(,# &%3(±T8<# ,D# T3&24%"# ?%+%# 5144%5,%$# 01!+4D# 3,# .41?# +3,%"# 1.# M<UK# N<M# 3($#
L<M#µS^&)(#!")(6# ;C]# E(jWFK# ;C]^M<Nd# 8%_,+3(BXMK# ;C]^M<Ld# 8%_,+3(BXM# 1+# ;C]^M<Vd#
8%_,+3(BXM# E(jOF<# -D# T3&24%"# ?%+%# 5144%5,%$# 01!+4D# 3,# .41?# +3,%"# 1.# M<U# E(jLFK# N<M# 3($#
L<M#µS^&)( #!")(6# ;C]# E(jWFK# ;C]^M<MNd# 8%_,+3(BXMK# ;C]^M<MLd# 8%_,+3(BXM# 3($#
;C]^M<MVd#8%_,+3(BXM#E(jOF<#Em#2lM<MUF##
I1# )(*%",)63,%# ,0%# ,%&21+34# 2+1.)4%"# 1.# ,0%# .4!)$# +%51*%+DK# ,0%# &)5+1$)34D"3,%"# ?%+%#
5144%5,%$# )(#O#0B)(,%+*34# .1+#LV#0#?0%(#!")(6#51441)$#2%+.!"3,%"#3,#3#.41?#+3,%#1.#L<M#µS^&)(<#
I0%+%# ?%+%# (1# ")6().)53(,# $)..%+%(5%"# 1.# ,0%# .4!)$# +%51*%+D# 3&1(6# ,0%# ,0+%%# 51($),)1("# .1+#











































































&%3(±T8<# T3&24%"# ?%+%# 5144%5,%$# 3,# 3# .41?# +3,%# 1.# L<M#µS^&)(# )(# O# 0B)(,%+*34"# .1+# LV# 0<#
;C]^Nd#ZT #?3"#2%+.!"%$# )(# +3,"#?),0#R1(%#$%.%5,#3($# +3,"#?),0#"1.,# ,)""!%#$%.%5,# E(jYFK#
3($#;C]^M<MNd#8%_,+3(BXM#?3"#2%+.!"%$#)(#+3,"#?),0#R1(%#$%.%5,#E(jOF<#
U<O# 8%,%+&)(3,)1(#1.#+%43,)*%#+%51*%+D#E]]F#in vitro#
I1# %",)&3,%# ,0%# ]]# in vitroK# &)_,!+%"# 1.# QSBWK# I@HBβN# 3($# PC@H# ?3"# +%51*%+%$# 3,#
$)..%+%(,# 51($),)1("<# I0%# 5+D",3441)$# 2%+.!"3,%"# EM<\d# [3-4K# ;ZT# 1+# ;C]F# 3($# ,0%# 51441)$#
2%+.!"3,%"# EM<\d# [3-4^Nd# ZT K# ;ZT^Nd# ZT K# ;C]^Nd# ZT K# ;C]^M<MNd# 8%_,+3(BXMK#
;C]^M<MLd#8%_,+3(BXM#3($#;C]^M<MVd#8%_,+3(BXMF#?%+%#2%+.!"%$#3,#.41?#+3,%"#1.#M<UK#N<M#
3($#L<M#µS^&)(<#C8I #?3"#3$$%$# )(# ,0%#"3&24)(6#,!R%"# )(#3,,%&2,#,1#3*1)$#$%6+3$3,)1(#1.#






































































M<\d#[3-4^Nd#ZT mm# g# ggg#
;ZT^Nd#ZT m# B# ggg#





I@HBβN# ?3"# !($%,%5,3R4%# )(# ,0%# &)5+1$)34D"3,%"# 5144%5,%$# ?0%(# !")(6# 5+D",3441)$#
2%+.!"3,%"<# J0%(# !")(6# 51441)$# 2%+.!"3,%"K# I@HBβN# ?3"# $%,%5,%$<#  &1(6# ,0%# $)..%+%(,#
5+D",3441)$# 2%+.!"3,%"K# ,0%# 0)60%",# ]]# ?3"# NN<Ld# 3,# .41?# +3,%# 1.# M<U# µS^&)(# ?0%(# !")(6#
;C]^Nd#ZT #EH)6<#\F<#H!+,0%+K#3,# ,0%#"3&%#.41?#+3,%#3$$)(6#Nd#ZT #,1#;C]#03$#3#0)60%+#
]]# EW<O–NN<Ld# 3,# 3# .41?# +3,%# 1.# M<U# µS^&)(K# V<X–Y<Md# 3,# 3# .41?# +3,%# 1.# N<M# µS^&)(# 3($#
M–NM<Ld#3,#3#.41?#+3,%#1.#L<M#µS^&)(F#,03(#3$$)(6#M<MN–M<MVd#8%_,+3(BXM#,1#;C]#EM–X<Nd#
































































































;C]^Nd# ZT # E(jOFK# ;C]^M<MNd# 8%_,+3(BXM# E(jLFK# ;C]^M<MLd# 8%_,+3(BXM# E(jLF# 3($#
;C]^M<MVd# 8%_,+3(BXM# E(jLF# 3,# .41?# +3,%"# 1.# M<UK# N<M# 3($# L<M# µS^&)(1# T3&24%"# ?%+%#
5144%5,%$#.1+#V#0#3,#M<U#µS^&)(K#L#0#3,#N#µS^&)(#1+#.1+#N#0#3,#L#µS^&)(<##
# &1(6#,0%#5+D",3441)$#2%+.!"3,%"K# QSBW#?3"#1(4D#$%,%5,%$#!")(6#;C]#in vitro<#=1?%*%+K#
3,#$)..%+%(,#.41?#+3,%"#EM<U–L<M#µS^&)(F#QSBW#?3"#$%,%5,%$#)(#V#1!,#1.#NU#&)5+1$)34D"3,%"#?),0#
,0%#0)60%",#]]#1.#NU<Md<# .,%+#3$$)(6#ZT #,1#2%+.!"3,%"K# QSBW#?3"#$%,%5,%$# )(#\#1!,#1.#LN#
&)5+1$)34D"3,%"#?),0#&3_)&34#]]#1.#LO<Wd#?0%(#!")(6#M<\d#[3-4^Nd#ZT #3,# .41?# +3,%#1.#
M<U#µS^&)(#EH)6<#NMF<#J0%(#3$$)(6#$)..%+%(,#51441)$"#)(#;C]K#QSBW#?3"#$%,%5,%$#)(#Y#1!,#1.#NU#
&)5+1$)34D"3,%"# !")(6# ;C]^Nd# ZT # ?),0# &3_)&34# ]]# LM<Vd# 3,# .41?# +3,%# 1.# N<M# µS^&)(<#
J0%+%3"# QSBW# ?3"# $%,%5,3R4%# )(# U# 1!,# 1.# OM# &)5+1$)34D"3,%"# !")(6# ;C]^EM<MN–M<MVdF#
8%_,+3(BXM#?),0#&3_)&34#]]#X<Nd#3,#.41?#+3,%#1.#N<M#µS^&)(#EI3R4%#WK#H)6<#NMF<##
#
?#&1' 8J='H)6,$#3)' %)/!3)%7'!*' 02QI' *%!5' in vitro'5#/%!.#,67+#+1'83,3#+%2+%"%(,# )($)*)$!34#
*34!%"<#I0%#2+1R%"#?%+%#2%+.!"%$#?),0#M<\d#[3-4^Nd#ZT #E(jNFK#;C]#E(jUFK#;C]^Nd#ZT #
E(jUFK# ;C]^M<MNd# 8%_,+3(BXM# E(jUFK# ;C]^M<MLd# 8%_,+3(BXM# E(jUF# 1+# ;C]^M<MVd#
8%_,+3(BXM#E(jLF#3,#,0%#.41?#+3,%"#1.#M<UK#N<M#3($#L<M#µS^&)(<#T3&24%"#?%+%#5144%5,%$#.1+#V#0#
3,#M<U#µS^&)(K#L#0#3,#N#µS^&)(#1+#.1+#N#0#3,#L#µS^&)(<#
U<V# 8%,%+&)(3,)1(#1.#,1,34#2+1,%)(#51(5%(,+3,)1( in vivo#
I0%# ,1,34# 2+1,%)(# 51(5%(,+3,)1(# ?3"# 3(# )($%_# 1.# +%51*%+D# %..)5)%(5D# .1+# in vivo#
&)5+1$)34D")"#,1#12,)&)7%#+%51*%+D#51($),)1("<#Q(#+3,"#?),0#"1.,#,)""!%#$%.%5,K#,0%#,1,34#2+1,%)(#
51(5%(,+3,)1(# $%5+%3"%$# ?),0# )(5+%3")(6# .41?# +3,%"# +%63+$4%""# 1.# 2%+.!"3,%"# R!,# ?),01!,#
",3,)",)534# ")6().)53(,# E(jOF# EM<LW±M<NV–M<YM±M<NO# &6^&S# 3,# 3# .41?# +3,%# 1.# M<U# µS^&)(K#
M<NX±M<MW–M<LL±M<MX#&6^&S#3,#3# .41?#+3,%#1.#N<M#µS^&)(K#M<MY±M<MW–M<NN±M<MW#&6^&S#3,#3#





















































































Q(# +3,"# ?),0# R1(%# $%.%5,# 3$$),)1(# 1.# 8%_,+3(BXM# (%),0%+# ")6().)53(,4D# )(5+%3"%$# ,0%#
51(5%(,+3,)1(# (1+# ,0%# 3&1!(,# 1.# ,1,34# 2+1,%)(# )(# &)5+1$)34D"3,%"# E(jVF<#  ,# 3# .41?# +3,%# 1.#
L<M#µS^&)( #,0%# 51(5%(,+3,)1(# 1.# ,1,34# 2+1,%)(# ?3"# M<NL±M<MX# &6^&S# ?0%(# !")(6# ;C]K#
?0%+%3"# ,0%# 51(5%(,+3,)1("# ?%+%# M<NN±M<ML–M<LN±M<MY# &6^&S# ?0%(# 3$$)(6# M<MN–M<Vd#
8%_,+3(BXM<# I0%# 51(5%(,+3,)1(# 1.# ,1,34# 2+1,%)(# $%5+%3"%$# ?),0# )(5+%3")(6# .41?# +3,%"# .+1&#
M<WM±M<NV#&6^&S# ,1# M<NM±M<MW#&6^&S# EH)6<# NLF<#I0%+%.1+%K# 344# 2%+.!"3,%"# 53(# R%# !"%$# .1+#




?#&1' 88=' 4!$,6' @%!$)#"' /!"/)"$%,$#!"+' *%!5' in vivo' 5#/%!.#,67+,$)+1' 83,3# +%2+%"%(,#











































Fig. 12: Concentration and amount of total protein from in vivo microdialysates in rats 
with bone defect. Data represent mean±SD. a, b) Samples were collected using PER (n=6), 
PER/0.1% Dextran-70, PER/0.2% Dextran-70 and PER/0.4% Dextran-70 (n=3) at flow rates 
of 0.5, 1.0 and 2.0 µL/min. c, d) Samples were collected using PER (n=6), 
PER/0.01% Dextran-70  (n=3), PER/0.02% Dextran-70 (n=2) and PER/0.04% Dextran-70 
(n=2) at the flow rates of 0.5, 1.0 and 2.0 µL/min. a, c) showed the concentration of total 
protein and b, d) showed the amount of total protein. 
The total protein concentration was determined in microdialysates collected from rats 
with bone defect at a flow rate of 2.0 µL/min. The microdialysates were collected for 8 h 
when using PER (n=6), for 8 h in 2 h-intervals when using 0.9% NaCl (n=6) and in 
3 h-intervals for 24 h when using PER/0.01% Dextran-70 (n=3) (Fig. 13). After collecting 8 h 
the concentration of total protein was 0.36±0.24 mg/mL. For both interval series, total protein 
concentration peaked in the first 2 h- and 3 h-interval sample with 0.20±0.12 mg/mL and 
0.44±0.18 mg/mL (Fig. 13). After the first interval, the concentrations of total protein 
decreased to 0.14–0.17 mg/mL when using 0.9% NaCl for 8 h, and decreased to 





































































































































































































?#&1' 8C=' 4!$,6' @%!$)#"' /!"/)"$%,$#!"+' *%!5 in vivo' 5#/%!.#,67+,$)+1' T3&24%"# ?%+%#
5144%5,%$#)(#+3,"#?),0#R1(%#$%.%5,#3,#3#.41?#+3,%#1.#L<M#µS^&)(<'83,3#+%2+%"%(,#&%3(±T8<#,D#
T3&24%"#?%+%#5144%5,%$# .1+#Y#0# )(#L#0B)(,%+*34"#RD#2%+.!")(6#M<\d#[3-4# E(jWF<#-D'T3&24%"#
?%+%#5144%5,%$#)(#O#0B)(,%+*34"#.1+#LV#0#RD#2%+.!")(6#;C]^M<MNd#8%_,+3(BXM#E(jOF<'
U<U# 8%,%+&)(3,)1(#1.#5D,19)(%#3($#6+1?,0#.35,1+#51(5%(,+3,)1(#)(#,0%#&)5+1$)34D"3,%#in vivo#









&%3(# 1.# &%3"!+3R4%# QSBW# 1.# NLV<X±NX<U# 26^&S<# ZD# 2%+.!")(6# M<\d# [3-4# .1+# Y# 0# )(#
L#0B)(,%+*34"K# QSBW#?3"#$%,%5,3R4%# )(#L#1.# W# +3,"#?),0#3# "4)60,# )(5+%3")(6# 51(5%(,+3,)1(# .+1&#
NMU<V±LY<V#26^&S#)(#M–L#0#)(,%+*34#3.,%+#"!+6%+D#,1#NXL<L±NX<U#26^&S#)(#W–Y#0#)(,%+*34#3.,%+#
"!+6%+D# EH)6<#NV3F<#J0%(#!")(6#;C]^M<Nd#8%_,+3(BXM#3"#2%+.!"3,%K# QSBW#?3"#$%,%5,3R4%# )(#







































































?#&1' 8E=' 02QI' /!"/)"$%,$#!"' *%!5 in vivo 5#/%!.#,67+,$)+1# 83,3# +%2+%"%(,# )($)*)$!34#
*34!%"<#,D#T3&24%"#?%+%#5144%5,%$#.1+#Y#0#)(#L#0B)(,%+*34"#?0%(#2%+.!")(6#M<\d#[3-4#)(#+3,"#





,0%# 0)60%",# QSBW# 51(5%(,+3,)1(# EOM\<N±OMW<O# 26^&SF# ?3"# $%,%+&)(%$# )(# ,0%# )(,%+*34# 1.#
NL–NU#0#3.,%+# "!+6%+D# R!,# )(")6().)53(,# $)..%+%(5%"# ?%+%# 35+1""# 344# )(,%+*34"# EH)6<# NUF<#  .,%+#
LN–LV#0 #5144%5,)1(# ,0%# QSBW# 51(5%(,+3,)1("# $%54)(%$# ,1# NNY<N±NLN<\# 26^&S<#  &1(6# ,0%#
&)5+1$)34D"3,%"#.+1&#,0%#+3,"#?),0#"1.,#,)""!%#$%.%5,K#,0%#QSBW#51(5%(,+3,)1(#2%39%$#)(#W–\#0#
)(,%+*34#?),0#UX\<U±LXX<O#26^&SK#3($#,0%(#$%5+%3"%$#,1#NNX<Y±NVU<\#26^&S#3,#.)(34#LN–LV#0<#
G1+%1*%+K# 3# ")6().)53(,# )(5+%3"%# )(# QSBW# 51(5%(,+3,)1("# ?%+%# $%,%5,%$# R%,?%%(# M–O# 0# 3($#











































































































+3,"# ?),0# R1(%# $%.%5,# 3($# R%,?%%(# V<N±Y<L# 26^&S# 3($# NO<U±NX<N# 26^&S# .1+# +3,"# ?),0# "1.,#






































































E(jYF# 3($# $%,%+&)(%$# RD# CSQT <# ;C]^Nd# ZT # ?3"# !"%$# 3"# 2%+.!"3,%# 3,# 3# .41?# +3,%# 1.#
L<M#µS^&)(<##
U<U<O# QSBNβ#51(5%(,+3,)1(##
QSBNβ# 51(5%(,+3,)1(# )(# ,0%#&)5+1$)34D"3,%"# ?3"# R%41?# ,0%# $%,%5,)1(# 4)&),# 1.# ,0%# CSQT #
?0%(#!")(6#;C]# EY#0F#1+#M<\d#[3-4# EL#0B)(,%+*34"F#3,#L<M#µS^&)(<#H!+,0%+&1+%K# QSBNβ#?3"#
!($%,%5,3R4%# )(# &)5+1$)34D"3,%"# 5144%5,%$# .+1&# "1.,# ,)""!%# $%.%5,<# /(5%# ,0%# 51441)$#
M<MNd#8%_,+3(BXM#E(jOF#1+#Nd#ZT #E(jOF#?3"#3$$%$# )(#;C]K# QSBNβ#?3"#$%,%5,3R4%# )(#V#1.#
LV#&)5+1$)34D"3,%"#?0%(#!")(6#;C]^M<MNd#8%_,+3(BXM#3($#)(#L#1.#LL#&)5+1$)34D"3,%"#?0%(#
!")(6#;C]^Nd#ZT #.+1&#+3,"#?),0#R1(%#$%.%5,<#I0%#QSBNβ#51(5%(,+3,)1("#)(#&)5+1$)34D"3,%"#



























































































I1# )$%(,).D# .!+,0%+# 2+1,%)("# ?0)50# 21,%(,)344D# ?%+%# )(*14*%$# )(# R1(%# 0%34)(6K# ,0%#
&)5+1$)34D"3,%"K#?0)50#?%+%#5144%5,%$#RD#2%+.!")(6#;C]^Nd#ZT #3,#3#.41?#+3,%#1.#L<M#µS^&)(#
.1+# W#0# )(#O#0B)(,%+*34"K#?%+%#3(34D7%$#RD#3#2+1,%1&%#2+1.)4%+IG# 3++3D<#I0%#&)5+1$)34D"3,%"#
.+1&# +3,"# ?),0# R1(%# $%.%5,# E(jLF# 1+# ?),0# "1.,# ,)""!%# $%.%5,# E(jLF# ?%+%# 2114%$# R3"%$# 1(#











O#0B)(,%+*34<#8!+)(6# ,0%# )(,%+*34#1.#O–W#0#3.,%+#"!+6%+DK# ,0%#"%5+%,)1(#1.#-`-SBN#%4%*3,%$# )(#
+3,"# ?),0# R1(%# $%.%5,K# ?0%+%3"# )(# +3,"# ?),0# "1.,# ,)""!%# $%.%5,# ),# %4%*3,%$# "4)60,4D<# -`-SBU#







































# $ % 6
Results
VU
H!+,0%+&1+%K# )(# ,0%# )(,%+*34#1.#O–W#0# ,0%# 4%*%4#1.#-`-SBU#$%5+%3"%$# )(#+3,"#?),0#"1.,# ,)""!%#
$%.%5,<#-1&23+%$#,1#-`-SBN#3($#-`-  !"#$%&% !'$()*$+,-.,*+/.01$*.23.-.4$(+-5+,$ +,-.3/)0$




G6$ 26BH3.5.,*+/.01$ +,/.*-+?)-.$ ),4$ ),,6-)-.$ -5.$ H36-.+,*$ 3.26/.3.4$ +,$ -5.$
B+2364+)01*)-.*$),4$-5.$H36-.+,*$):*63:.4$6,$-5.$H36:.*#$-5.$H36-.+,*$+,$-5.$B+2364+)01*)-.$








-5)-$ >$ H36-.+,*$ (.3.$ .M20;*+/.01$ 4.-.2-.4$ +,$ -5.$B+2364+)01*)-.$ PA36-51B6*+,$ )0H5)W$ V2-+,#$
21-6H0)*B+2$ OW$ D;*2;06*S.0.-)0$ .B:316,+2$ ,;20.)3$ H36-.+,$ OW$ E+?,)0$ 3.26?,+-+6,$ H)3-+20.$





















































!"#$ %&' ()*+",-. /0/123(4 56 .7, 8)5.,"-9 5- .7, 8)5:,9<$G5.$H36:.*$+BH0),-.4$+,$3)-*$
(+-5$:6,.$4.7.2-$763$OL$5$P,ZOQ#$O'$5$P,ZOQ#$LN$5$P,ZLQ$63$LN–NK$5$P,ZOQ$),4$3)-*$(+-5$*67-$
-+**;.$4.7.2-$763$O"$5$P,ZOQ$63$LN$5$P,ZLQ<$
V7-.3$ CA %!DEFDE$ ),)01*+*#$ O9LL$ 4+77.3.,-$ H36-.+,*$ (.3.$ +4.,-+7+.4$ 6,$ -5.$ H36:.*$
+,4.H.,4.,-$67$ -5.$H36:.<$VB6,?$-5.B$KKN$H36-.+,*$(.3.$4.-.2-.4$6,$H36:.*$+BH0),-.4$+,$
3)-*$(+-5$:6,.$4.7.2-#$O8>9$H36-.+,*$6,$-5.$H36:.*$+BH0),-.4$+,$3)-*$(+-5$*67-$ -+**;.$4.7.2-<$









































































































































































































G6$ )0062)-.$ -5.$ +4.,-+7+.4$ H36-.+,*$ 736B$ B+2364+)01*)-.*$ ),4$ H36:.*$ -6$ 2.00;0)3$
26BH6,.,-*$),4$:+606?+2)0$ H362.**.*$ -5.$A),-5.3$ 20)**+7+2)-+6,$ *1*-.B$()*$;*.4<$`63$ -5.$
A),-5.3$ ),,6-)-+6,#$ OR$ 67$ 9>$ P"L<K@Q$ H36-.+,*$ +,$ -5.$ B+2364+)01*)-.*$ (.3.$ +4.,-+7+.4$ +,$
A),-5.3$4)-):)*.<$b5.3.)*$)B6,?$-5.$H36-.+,*$6,$-5.$H36:.*#$"OK$67$KKN$P"K<>@Q$H36-.+,*$
736B :6,. 4.7.2-* ),4 >"L 67 O8>9 P>O<9@Q H36-.+,* 736B *67- -+**;. 4.7.2-* (.3. +4.,-+7+.4$
+,$A),-5.3$4)-):)*.$PG):0.$KQ<$D63.6/.3#$ -5.$ +4.,-+7+.4$H36-.+,$2),$:.$)**+?,.4$ +,$4+77.3.,-$










































!"#$ %>' 0"9.)":C."5- 56 *FF 8)5.,"-9 "+,-."6",+ 5- 8)5:, 6)5H )*.9 I".7 :5-, +,6,D. *-+ 
I".7 956. ."99C, +,6,D.$ A36-.+,*$ (.3.$ 3.H3.*.,-.4$ 763$ .)25$ H36-.6B.$ (+-5$ -(6$ 2+320.*W$
*;:*.-*$+,$26BB6,$P+,$H;3H0.Q$)3.$+,4+2)-.4$(+-5+,$-5.$4+)?3)B<$












E)BH0.$ E;3?.31$-1H.$ G6-)0$H36-.+,$ =4.,-+7+.4$H36-.+,$ A.32.,-)?.$
D+2364+)01*)-.$ X6,.$4.7.2-$ 9>$ OR$ "L<K@$
A36:.$ X6,.$4.7.2-$ KKN$ "OK$ "K<>@$
$ E67-$-+**;.$4.7.2-$ O8>9$ >"L$ >O<9@$
$
OQ$ %0;*-.3+,?$)22634+,?$-6$-5.$2.00;0)3$26BH6,.,-$
G5.$ 2.00;0)3$ 062)0+\)-+6,$ 67$ -5.$ H36-.+,*$ +*$ *56(,$ +,$ `+?<$ LO<$ G5.$ H36-.+,*$ +,$ -5.$
B+2364+)01*)-.*$ ),4$ 6,$ -5.$ H36:.*$ 5)4$ )$ *+B+0)3$ 4+*-3+:;-+6,$ :.-(..,$ +,-3)2.00;0)3$ ),4$
.M-3)2.00;0)3$ 3.?+6,<$G5.$3.*;0-*$*56($)$B)c63+-1$ PK><N@!KK<R@Q$67$H36-.+,*$(5+25$2600.2-.4$
.+-5.3$736B$B+2364+)01*)-.$63$H36:.*$4.3+/.4$736B$-5.$2.00;0)3$63+?+,$+,20;4+,?$H36-.+,$26BH0.M#$

































































































!"#$ ;%'$0"9.)":C."5- 56 .7, 8)5.,"- 7".9 "- .7, 6C-D."5-*F DF*99"6"D*."5- 56 .7, D,FFCF*) 
D5H85-,-. *#*"-9. .7, .5.*F -CH:,) 56 8)5.,"-9 "+,-."6",+ :E 2*-.7,)<$A36-.+,*$736B$in






P`+?<$LLQ<$G5.$4+*-3+:;-+6,$67$ -5.$H36-.+,*$ +,$ -5.$:+606?+2)0$H362.**$()*$*+B+0)3$:.-(..,$ -5.$
H36:.*$ .MH0),-.4$ 736B$ 3)-*$(+-5$ :6,.$ 4.7.2-$ ),4$ *67-$ -+**;.$ 4.7.2-$ P`+?<$ LL:Q<$ `63$ :6-5$67$
-5.B#$ B.-):60+2$ H362.**.*$ 763B.4$ -5.$ :+??.*-$ 20;*-.3$ )22634+,?$ -6$ -5.$ H36-.+,*$ 6,$ -5.$
H36:.*<$`6006(+,?$-5.$B.-):60+2$H362.**.*#$.+-5.3$+,$:6,.$4.7.2-$63$+,$*67-$-+**;.$4.7.2-#$-5.$
H36-.+,*$ .,3+25.4$ +,$ -5.$ 20;*-.3*$ 67$ “2.00;0)3$ H362.**”#$ “2.00$ 26BB;,+2)-+6,”$ ),4$ “+BB;,.$
*1*-.B$H362.**”<$VB6,?$ -5.$ +4.,-+7+.4$H362.**.*$“+BB;,.$*1*-.B$H362.**”$),4$ “3.*H6,*.$
-6$*-+B;0;*”$(.3.$ +BH63-),-$:+606?+2)0$H362.**.*<$V0-56;?5$6,$ -5.$H36:.*$ 736B$:6,.$4.7.2-$
0.**$ S+,4*$ 67$ H36-.+,$ (.3.$ 4.-.2-.4#$ 5+?5.3$ H.32.,-)?.$ 67$ H36-.+,*$ (.3.$ 20)**+7+.4$ -6$ -5.$
2)-.?631$67$“+BB;,.$*1*-.B$H362.**”$PLO<8@$763$:6,.$4.7.2-$vs.$O><N@$763$*67-$-+**;.$4.7.2-Q$
),4$“3.*H6,*.$-6$*-+B;0;*”$PO"<>@$763$:6,.$4.7.2-$vs.$OO<8@$763$*67-$-+**;.$4.7.2-Q$P`+?<$LL:Q<$
D),1$ +BH63-),-$5;B63)0$H36-.+,*$(.3.$ 76;,4$-6$:.$ +,/60/.4$ +,$ -5.*.$ -(6$H362.**.*$4;3+,?$
:6,.$ 4.7.2-$ ),4$ *67-$ -+**;.$ 4.7.2-$ 5.)0+,?U$ G5.1$ +,20;4.4$ 26BH0.B.,-$ 26BH6,.,-*#$
25.B6S+,.*#$+,*;0+,!0+S.$?36(-5$7)2-63!:+,4+,?$H36-.+,$26BH0.M$)2+4$0):+0.$25)+,#$= !O$3.2.H-63$
),-)?6,+*-$ H36-.+,$ P= !O3)Q#$ = !O$ 3.2.H-63$ -1H.$ ==$ P= !OJLQ#$B)236H5)?.$B+?3)-+6,$ +,5+:+-631$
7)2-63$PD=`Q$),4$*+B+0)3$-6$26)?;0)-+6,$7)2-63$=&<$`;3-5.3B63.#$(+-5$)$26BH)3+*6,$67$*.0.2-.4$
H36-.+,*$ :.-(..,$ :6,.$ 4.7.2-$ ),4$ *67-$ -+**;.$ 4.7.2-#$ %&% !L#$ %&% !9$ ),4$%&% !'$(.3.$
6,01$76;,4$+,$3)-*$(+-5$:6,.$4.7.2-$+,$:6-5$H362.**.*#$(5+0.$%&% !N$(.3.$6,01$76;,4$+,$3)-*$
(+-5$ :6,.$ 4.7.2-$ ),4$ +,/60/.4$ +,$ “+BB;,.$ *1*-.B$ H362.**”$ PG):0.$ RQ<$ D63.6/.3#$ )*$ -5.$
























































H36-.+,*$ +,/60/.4$ +,$ “+BB;,.$ *1*-.B$ H362.**”$ ),4$ “3.*H6,*.$ -6$ *-+B;0;*”$ 6,$ -5.$ H36:.*$












=A=889>"KR>$%6BH0.B.,-$7)2-63$H36H.34+,$ d$ $ d$ $
=A=88L8NN"O$%6BH0.B.,-$7)2-63$=$ d$ $ d$ $
=A=889KLOK"$T)O!LN$PH36-.+,$27:Q$ d$ $ $ $
=A=88LO"LR>$%OY$*;:26BH6,.,-$*;:;,+-$V$ d$ $ d$ $
=A=88LO"LRR$%OY$*;:26BH6,.,-$*;:;,+-$%$ d$ $ d$ $
=H+88L8RR'9$ %N$:+,4+,?$H36-.+,#$)0H5)$ d$ d$ d$ d$
=A=88NLL89'$%N#$?.,.$L$ d$ $ d$ $
=A=88'>N>RK$E+B+0)3$-6$%"$H3.2;3*63$ d$ d$ d$ d$
=A=8899O''>$%>$ d$ $ d$ $
=A=88'K8"'N$%K#$?)BB)$H601H.H-+4.$ d$ d$ d$ d$
=A=88L9ONL9$%R$H36-.+,$ d$ d$ d$ d$
=A=88OKKLL"$%!3.)2-+/.$H36-.+,$P%JAQ$ d$ d$ d$ d$
=A=88L9O9LK$%&% !L$ d$ $ d$ $
=A=88''KK9'$%&% !9$ d$ $ d$ $
=A=88L8>>9N$%&% !N$ d$ $ $ $
=A=88OR''K8$%&% !'$ d$ $ d$ $
=A=88ORN9NO$_)0.2-+,!9$ d$ d$ d$ $
=A=88L8LNO>$ =,*;0+,!0+S.$ ?36(-5$ 7)2-63!:+,4+,?$
H36-.+,$26BH0.M$)2+4$0):+0.$25)+,$
$ d$ d$ $
=A=88LONN>O$ = !O$3.2.H-63$),-)?6,+*-$H36-.+,$P= !O3)Q d$ d$ d$ d$
=A=88ORR9NO$ = !O$3.2.H-63$-1H.$==$P= !OJLQ$ d$ $ d$ $
=A=88L98R8'$D=`$ d$ d$ d$ $





P,ZOQ#$LN$5$ P,ZLQ$63$4;3+,?$LN–NK$5$ P,ZOQ$),4$ +,$*67-$ -+**;.$4.7.2-$ 763$O"$5$ P,ZOQ$63$LN$5$
P,ZLQ<$
=T$ A36-.+,$ X6,.$4.7.2-$ E67-$-+**;.$4.7.2-
=A=88L8NN"O$ %6BH0.B.,-$7)2-63$=$ d$ $
=A=889KLOK"$ T)O!LN$PH36-.+,$27:Q$ d$ $
=A=88""NLL>$ %6BH0.B.,-$26BH6,.,-$7)2-63$5!0+S.$O$ d$ $
=A=88L8RR'9$ %$N$:+,4+,?$H36-.+,#$)0H5)$ d$ d$
=A=8899O''>$ %>$ d$ $
=A=88'K8"'N$ %K#$?)BB)$H601H.H-+4.$ d$ d$
=A=88L9ONL9$ %R$H36-.+,$ d$ d$
=A=88L9O9LK$ %&% !L$ d$ $
=A=88''KK9'$ %&% !9$ d$ $
=A=88L8>>9N$ %&% !N$ d$ $
=A=88OR''K8$ %&% $!'$ d$ $
=A=88LO8R88$ A36-.+,$VDXA$ d$ d$
=A=88">"'8K$ =*6763B$O$67$C)H-6?06:+,$ d$ d$
=A=88'>"L>'$ E+B+0)3$-6$26)?;0)-+6,$7)2-63$=&$ d$ d$
=A=88''K>99$ VH60+H6H36-.+,$C$ d$ d$
=A=88ORK>R"$ =,-.?3+,$:.-)$ d$ $
=A=889>8"NO$ =,-.?3+,$:.-)$L$ d$ d$
=A=88L8KR>O$ E+B+0)3$-6$2600)?.,$)0H5)!OP&Q$25)+,$H3.2;3*63$ d$ $
$
9Q$ %0;*-.3+,?$)22634+,?$-6$H)-5()1$),)01*+*$
G5.$ 6/.33.H3.*.,-.4$ H)-5()1$ +,4+2)-.4$ -5)-$ B63.$ +,/60/.4$ H36-.+,*$ (.3.$ H3.*.,-.4$
)B6,?$-5.$),)01\.4$H36-.+,$-5),$.MH.2-.4$:1$26BH)3+,?$(+-5$-5.$3.7.3.,2.$H36-.6B.$4)-)$
*.-<$ =,$ -5+*$*-;41#$ -5.$*-)-+*-+2)001$6/.33.H3.*.,-.4$H)-5()1*$(5+25$(.3.$20;*-.3.4$ 736B$ -5.$
H36-.+,*$6,$ -5.$H36:.*$(.3.$ -):;0)-.4$ +,$G):0.$OO$ PHe8<8"Q<$ =,$ -6-)0#$"OK$H36-.+,*$),4$>LK$
H36-.+,*$6,$H36:.*$.MH0),-.4$ 736B$3)-*$(+-5$:6,.$4.7.2-$ P,Z"Q$),4$*67-$ -+**;.$4.7.2-$ P,Z9Q$
(.3.$+4.,-+7+.4$:1$H),-5.3$763$*-)-+*-+2)0$6/.33.H3.*.,-)-+6,$-.*-<$V0-56;?5$R$),4$OO$H)-5()1*$
(.3.$*+?,+7+2),-01$6/.3F46(,!3.H3.*.,-.4$+,$:6,.$4.7.2-$),4$*67-$-+**;.$4.7.2-#$6,01$N$),4$9$





:6,.$ 4.7.2-$ -5),$ *67-$ -+**;.$ 4.7.2-$ P`+?<$ LNQ<$A)3-+2;0)301#$ +,-.?3+,$ :.-)#$ ?0126H36-.+,$ R$ ),4$
*+B+0)3$-6$B;3+,6?06:;0+,$O$56B606?$(.3.$6,01$4.-.2-.4$736B$:6,.$4.7.2-<$=,$-5.$H)-5()1$67$





H)-5()1*$ (.3.$ *-)-+*-+2)001$ 6/.33.H3.*.,-.4<$ ^./.3-5.0.**#$ 6,01$ “,+26-+,+2$ )2.-102560+,.$
3.2.H-63$*+?,)0+,?”$()*$*H.2+7+2)001$3.0)-.4$(+-5$5.)0+,?$H362.**<$G5.3.$(.3.$9$H36-.+,*$P)2-+,#$























=A=88L8"9KR$ =*6763B$O$67$7+:3+,6?.,$:.-)$25)+,$ d$ d$
=A=88L8>'K8$ A0)*B+,6?.,$ d$ d$
=A=88LO8RN'$ C.H)3+,$267)2-63$L$ d$ d$
=A=88LOL>>>$ =*6763B$O$67$B;3+,6?06:;0+,!O$ d$ d$
=A=889L>ON8$ V0H5)!O!B)236?06:;0+,$ d$ d$
=A=889RLKK>$ V0H5)!L!B)236?06:;0+,$ d$ d$
=A=88"O"KLR$ ]+,+,6?.,$O$ d$ d$
=A=88">N9L'$ D;3+,6?06:;0+,!L$ d$ d$
=A=88>'RLN"$ G!S+,+,6?.,$L$ d$ d$
=A=88'>9K'R$ _0126H36-.+,$=:$PH0)-.0.-Q#$)0H5)$H601H.H-+4.$ d$ d$
=A=88'>"L>'$ E+B+0)3$-6$26)?;0)-+6,$7)2-63$=&$ d$ d$
=A=88ORK>R"$ =,-.?3+,$:.-)$ d$ $
=A=88L8N>K>$ _0126H36-.+,$R$ d$ $
=A=889>K'8N$ E+B+0)3$-6$B;3+,6?06:;0+,$O$56B606?$ d$ $





=A=88OK''N'$ J)*!3.0)-.4$H36-.+,$J)H!OV$ d$ d$
=A=88L88''9$ ES.0.-)0$B;*20.!*H.2+7+2$)0H5)!)2-+,+,$9$ d$ d$
=A=88L8R8L$ V0H5)!)2-+,+,!O$ d$ d$
=A=88LO88R'$ =*6763B$LX$67$?-H)*.$S3)*$ d$ d$
=A=88LOO"OL$ V2-+,!3.0)-.4$H36-.+,$LF9$26BH0.M$*;:;,+-$OX$ d$ d$
=A=88LO9N>9$ V0H5)!)2-+,+,!N$ d$ d$
=A=88L9OR>>$ VTA!3+:6*10)-+6,$7)2-63$N$ d$ d$
=A=88LK">8>$ =*6763B$O$67$2.00$4+/+*+6,$26,-360$H36-.+,$NL$56B606?$ d$ d$
=A=8899OR"9$ VTA!3+:6*10)-+6,$7)2-63$O$ d$ d$
=A=889>89">$ V2-+,#$:.-)!0+S.$L$ d$ d$
=A=889>8"NO$ =,-.?3+,$:.-)$L$ d$ d$
=A=889>98LL$ E+B+0)3$-6$)2-+,+,$)0H5)$L$ d$ d$
=A=889>99R"$ J)*!3.0)-.4$H36-.+,$J)H!O:$ d$ d$
=A=889>9KN'$ V2-+,!3.0)-.4$H36-.+,$LF9$26BH0.M$*;:;,+-$"$ d$ d$
=A=889>"LK>$ f+,2;0+,$ d$ d$





=A=889'8O"K$ J)*!3.0)-.4$%9$:6-;0+,;B$*;:*-3)-.$L$ d$ d$
=A=88NLL8RL$ J)*!3.0)-.4$%9$:6-;0+,;B$-6M+,$*;:*-3)-.$O$ d$ d$
=A=88'>N"9"$ V2-+,!3.0)-.4$H36-.+,$LF9$26BH0.M$*;:;,+-$L$ d$ d$
=A=88'>KLRR$ V2-+,$3.0)-.4$H36-.+,$LF9$26BH0.M#$*;:;,+-$9$ d$ d$
=A=88OKKRLO$ %600)?.,$)0H5)!LP=Q$25)+,$ d$ $
=A=88OROOON$ J)*$56B606?$?.,.$7)B+01#$B.B:.3$%$ d$ $
=A=88ORK>R"$ =,-.?3+,$:.-)$ d$ $
=A=88L8KR>O$ E+B+0)3$-6$2600)?.,$)0H5)!OP&Q$25)+,$H3.2;3*63$ d$ $
=A=88L9OR>"$ VTA!3+:6*10)-+6,$7)2-63$"$ d$ $
=A=88''>"LL$ 9O$ST)$H36-.+,$ d$ $
=A=889'9'"L$ `+0)B+,#$:.-)$ $ d$
=A=88">">''$ LKR$ST)$H36-.+,$ $ d$







=A=88OKRKO9$ V2-+,#$)0H5)$*S.0.-)0$B;*20.$ d$ d$
=A=88L8N8''$ J)*$56B606?$?.,.$7)B+01#$B.B:.3$_$ d$ d$
=A=88LO88R'$ =*6763B$LX$67$?-H)*.$S3)*$ d$ d$
=A=88LOO"OL$ V2-+,!3.0)-.4$H36-.+,$LF9$26BH0.M$*;:;,+-$OX$ d$ d$
=A=88LK">8>$ =*6763B$O$67$2.00$4+/+*+6,$26,-360$H36-.+,$NL$56B606?$ d$ d$
=A=889>89">$ V2-+,#$:.-)!0+S.$L$ d$ d$
=A=889>8"NO$ =,-.?3+,$:.-)$L$ d$ d$
=A=889>9KN'$ V2-+,!3.0)-.4$H36-.+,$LF9$26BH0.M$*;:;,+-$"$ d$ d$
=A=889>>89R$ `63B10$H.H-+4.$3.2.H-63$O$ d$ d$
=A=889'8O"K$ JVE!3.0)-.4$%9$:6-;0+,;B$*;:*-3)-.$L$ d$ d$
=A=889'L8N8$ V3H2N$H36-.+,$ d$ d$
=A=88NLL8RL$ J)*!3.0)-.4$%9$:6-;0+,;B$-6M+,$*;:*-3)-.$O$ d$ d$
=A=88'>N"9"$ V2-+,!3.0)-.4$H36-.+,$LF9$26BH0.M$*;:;,+-$L$ d$ d$
=A=88'>KLRR$ V2-+,$3.0)-.4$H36-.+,$LF9$26BH0.M#$*;:;,+-$9$ d$ d$
=A=88'K8O8L$ D16*+,#$5.)/1$H601H.H-+4.$O#$*S.0.-)0$B;*20.#$)4;0-$ d$ d$
=A=88OROOON$ J)*$56B606?$?.,.$7)B+01#$B.B:.3$%$ d$ $
=A=88''>"LL$ 9O$S4)$H36-.+,$ d$ $
=A=88L8>>9N$ %&% !N$ d$ $
=A=889LNR'R$ V3)25+46,)-.$"!0+H6M1?.,)*.!)2-+/)-+,?$H36-.+,$ d$ $
=A=88L8KLLN$ E+?,)0$-3),*4;2.3$),4$)2-+/)-63$67$-3),*23+H-+6,$9$ $ d$










=A=88">">''$ LKR$S4)$H36-.+,$ $ d$
!(! 9"#-*F"-# 8*.7I*E OO$ 9<KMO8
!L
$ $ $
=A=88OR>>>O$ ON!9!9$H36-.+,$-5.-)$ d$ $
=A=88LO88R'$ =*6763B$LX$67$_GA)*.$]J)*$ d$ $
=A=88L98K9"$ ON!9!9$H36-.+,$?)BB)$ d$ $


















!"#$ ;=' !(!N!(!R 9"#-*F"-# 8*.
9.*."9."D*F 5O,)),8),9,-.*."5- .,9.
:6,.$ 4.7.2-$ P,Z"Q<$ `_`$ *+?,)0+,?$
)2-+/)-.*$IJ]OFL#$ H9K$DVA]#$ EVA]
),4$4+77.3.,-+)-+6,$67$2.00*#$63$*;3/+/)0
A36-.+,*$ +4.,-+7+.4$ 6,$ -5.$ H36:.*$



















7I*E "- D,FF9 I".7 "+,-."6",+ 8)5.,"-9 :E
$ G5.$ +4.,-+7+.4$ H36-.+,*$ (.3.$ 6,$ H36:.$ 736B
+*$ B.4+)-.4$ -536;?5$ +-*$ :+,4+,?$ -6$ `_`$ 3.2.H
Fg^]#$ A]%$ ),4$A=9]$ H)-5()1*$ -6$ +,4;2.$
#$)H6H-6*+*$),4$B+?3)-+6,$67$2.00*$+,$/)3+6;*$-+**;
)3.$ 5+?50+?5-.4$ +,$ 1.006(U$ ON!9!9W$ J)*$ P+*676






























Fig. 24: Blood coagulation pathways with identified proteins by Panther statistical 
overrepresentation test. Proteins were on probe from rats with bone defect (n=5) and soft 
tissue defect (n=3). Proteins identified on the probes both from bone defect and soft tissue 
defect are highlighted in red, while the proteins or the proteins contained the proteins that 
were only from bone defect are highlighted in yellow: Bradykinin/HMWK/Kinogen (Kininogen 
1, T-kininogen 2); FXI/FXIa (similar to coagulation factor IX); Fibrinogen/Fibrin 
monomer/Fibrin polymer crossed-linked (isoform 1 of fibrinogen beta chain); GPIIIa (integrin 
beta); GP  !"#$%&'(%)*+,-./0.1234%567%#$%&'8%)*+,-./0.1234% '%)/+912+216:%9+/;9%/.+,/2/13<267%
8=-macroglobulin (alpha-1-macroglobulin, alpha-2-macroglobulin, similar to murinoglobulin 1 
homolog, isoform 1 of murinoglobulin-1, murinoglobulin-2); HC II (heparin cofactor 2); 
$+9>?34.*24"$+9>?34%)/+9>?34.*2467%8=-antiplasmin (Serine (or cysteine) peptidase inhibitor, 




X1$ *.)325+,?$4)-):)*.$67$A),-5.3#$h,+H36-$ 63$A;:D.4#$)$ 0+*-$ 67$ +BH63-),-$ .M-3)2.00;0)3$
H36-.+,*$(5+25$(.3.$ H6-.,-+)001$ )**62+)-.4$(+-5$ -5.$ H362.**$ 67$ :6,.$ 5.)0+,?$()*$ *.0.2-.4$
:)*.4$6,$ -5.$ -5.$ -6-)0$ O9LL$H36-.+,*$6,$H36:.*$ 736B$ 3)-*$(+-5$:6,.$4.7.2-$ ),4$*67-$ -+**;.$
4.7.2-$ ),4$ -5.$ :+606?+2)0$ H362.**FH)-5()1$ ),)01*+*$ ;*+,?$ A),-5.3<$ G5.*.$ "L$ *.0.2-.4$
H36-.+,*$ (.3.$ .M-3)2.00;0)3$ H36-.+,*<$ D63.6/.3#$ -5.1$ (.3.$ +,/60/.4$ +,$ -5.$ *-)-+*-+2)0$
6/.33.H3.*.,-.4$H)-5()1*$),4$:+606?+2)0$H362.**.*$67$“:0664$26)?;0)-+6,”$),4$6-5.3*$(.3.$
3.0)-.4$ -6$ -5.$ H362.**$ 67$ +,c;31$ 5.)0+,?<$ G5.*.$ H36-.+,*$ +,20;4.$ 25.B6S+,.*$ P%&% !L#$
%&% !9#$ %&% !N$ ),4$ %&% !'Q#$ 26BH0.B.,-$ 26BH6,.,-*$ P%6BH0.B.,-$ 7)2-63$ =#$ T)O!LN$
PH36-.+,$ 27:Q#$ %6BH0.B.,-$ 26BH6,.,-$ 7)2-63$ 5!0+S.$ O#$ %$ N$ :+,4+,?$ H36-.+,#$ )0H5)#$ %>#$ %K#$
?)BB)$H601H.H-+4.#$%R$H36-.+,$),4$%JAQ#$:0664$26)?;0)-+6,$ 7)2-63$ PE+B+0)3$ -6$26)?;0)-+6,$
7)2-63$ =&Q#$DDA*$ PDDA!K$ ),4$DDA!RQ#$ I%D$ H36-.+,*$ P.?<$ 364.,-$ :6,.$ H36-.+,$ PJ6X6!OQ#$
6*-.6,.2-+,$ ),4$ +,-.?3+,*Q$ ),4$ 6-5.3$ H36-.+,*$ 062)-.4$ +,$ -5.$ .M-3)2.00;0)3$ *H)2.<$ G56*.$


















=A=88OK''RR$ =*6763B$CDb$67$]+,+,6?.,!O$ d$ ,<3$ ,<3$ d$ ,<3$ ,<3$











=A=88OKRNLN$ a*-.6,.2-+,$ $ $ $ d$ 2.00;0)3$H362.**$
2.00$26BB;,+2)-+6,$
,<3$
=A=88ORO'O"$ αO!)2+4$?0126H36-.+,$ d$ +BB;,.$*1*-.B$H362.**$ ,<3$ d$ +BB;,.$*1*-.B$H362.**$ ,<3$









=A=88ORNRL'$ J6X6!O$ d$ B.-):60+2$H362.**$ ,<3$ d$ B.-):60+2$H362.**$ ,<3$
=A=88OR>"RO$ DDA!R$ d$ ,<3$ ,<3$ $ $ $






,<3$ $ $ $
=A=88ORK>R"$ =,-.?3+,$:.-)$ d$ 4./.06HB.,-)0$H362.**$ ,<3$ $ $ $









=A=88ORR9NO$ = !OJL$ d$ 2.00;0)3$H362.**$
2.00$26BB;,+2)-+6,$
+BB;,.$*1*-.B$H362.**$
,<3$ $ $ ,<3$




:0664$26)?;0)-+6,$ d$ B.-):60+2$H362.**$ :0664$26)?;0)-+6,$






,<3$ $ $ $
=A=88L8N>K>$ _0126H36-.+,$R$ d$ 4./.06HB.,-)0$H362.**$ :0664$26)?;0)-+6,$ $ $ $

















=A=88L8>'K8$ A0)*B+,6?.,$ d$ B.-):60+2$H362.**$
4./.06HB.,-)0$H362.**$
:0664$26)?;0)-+6,$ d$ B.-):60+2$H362.**$ :0664$26)?;0)-+6,$










































=A=88LO8RN'$ C.H)3+,$267)2-63$L$ d$ B.-):60+2$H362.**$
4./.06HB.,-)0$H362.**$
:0664$26)?;0)-+6,$ d$ B.-):60+2$H362.**$ :0664$26)?;0)-+6,$




=A=88LOL"L8$ DDA!K$ $ $ $ d$ $ ,<3$





















=A=88L98R8'$ D=`$ d$ +BB;,.$*1*-.B$H362.**$ ,<3$ d$ ,<3$ ,<3$
















































,<3$ $ $ $



















=A=889>9K9R$ %5+-+,)*.!9!0+S.$H36-.+,$O$ d$ B.-):60+2$H362.**$ ,<3$ $ $ $
=A=889>K'8N$ E+B+0)3$ -6$ B;3+,6?06:;0+,$ O$
56B606?$
d$ 4./.06HB.,-)0$H362.**$ :0664$26)?;0)-+6,$ d$ ,<3$ ,<3$
=A=889KLOK"$ T)O!LN$PH36-.+,$27:Q$ d$ 4./.06HB.,-)0$H362.**$ ,<3$ $ $ $


















=A=88"O"KLR$ ]+,+,6?.,$O$ d$ 4./.06HB.,-)0$H362.**$ :0664$26)?;0)-+6,$ d$ ,<3$ :0664$26)?;0)-+6,$









,<3$ $ $ $
=A=88"""O>K$ `.33+-+,#$`.33+-+,$5.)/1$25)+,$
P`.33+-+,$C$*;:;,+-Q$
d$ ,<3$ ,<3$ $ $ $
=A=88">"9KO$ E+B+0)3$-6$`.33+-+,$0+?5-$25)+,$O$ d$ -3),*H63-$ ,<3$ d$ -3),*H63-$ ,<3$
=A=88>'RL89$ `.33+-+,#$`.33+-+,$0+?5-$25)+,$O$
P`.33+-+,$ $*;:;,+-$OQ$
d$ -3),*H63-$ ,<3$ $ $ $























































=A=88'''N>N$ VB106+4$H36-.+,$V$$$ d$ ,<3$ ,<3$ $ $ $




















,<3$ $ $ $












(+-5$:6,.$4.7.2-$63$*67-$-+**;.$4.7.2-$(.3.$),)01\.4$763$= !>#$= !Oβ#$G^`!α#$G_`!βO#$fI_ #̀$
AT_`!XX$),4$XDA!L$I =EV<$= !Oβ#$G^`!α#$fI_`$),4$XDA!L$(.3.$;,4.-.2-):0.$+,$H0)*B)$




V7-.3$*;3?.31#$ = !>$()*$6,01$4.-.2-):0.$ +,$ +,4+/+4;)0$ *)BH0.*<$V-$O$5$)7-.3$:6,.$4.7.2-#$ -5.$
26,2.,-3)-+6,$ 67$ = !>$ +,23.)*.4$ -6$ O"><"$ H?FB $ ),4$ -5.$ B)M+B)0$ 26,2.,-3)-+6,$ ()*$
N"8<K$H?FB $)-$ K$ 5$ )7-.3$ :6,.$ 4.7.2-<$ =,$ -5.$ *67-$ -+**;.$ 4.7.2-$ 26,2.,-3)-+6,$ 67$ = !>$ ()*$
LL9<N$ H?FB $ )-$ K$ 5<$ `63$ LN$ 5$ +,$ 9$ 5!+,-.3/)0*#$ = !>$ ()*$ ;,4.-.2-.4$ +,$ H0)B*)$ )7-.3$ :6,.$
4.7.2-#$ ),4$ +-$ ()*$ 6,01$ 4.-.2-.4$ +,$ 6,.$ *)BH0.$ 2600.2-.4$ )-$ LN$ 5$ (+-5$ 26,2.,-3)-+6,$ 67$
LO<L$H?FB $)7-.3$*67-$-+**;.$4.7.2-<$
"<R<L$ T.-.3B+,)-+6,$67$G_`!βO$+,$-5.$:0664$H0)*B)$
X.763.$ *;3?.31#$ 26,2.,-3)-+6,$ 67$ G_`!βO$ ()*$ 9L9R<'±LK"><8$ H?FB $ +,$ H0)*B)<$ J+?5-$
)7-.3$23.)-+,?$-5.$:6,.$4.7.2-$-5.$26,2.,-3)-+6,$67$G_`!βO$+,23.)*.4$-6$-5.$5+?5.*-$0./.0$67$
K9RK<L±"9>N<K$H?FB $)-$L$5<$V7-.3()34*#$-5.$26,2.,-3)-+6,*$67$G_`!βO$(.3.$26,*-),-$(+-5$)$
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Although expression of several mediators in fracture healing has been revealed in 
previous studies, the profile of the dynamic changes in the specific local mediator release 
during the early inflammatory stage of bone defect healing so far have remained elusive. In 
this study, some interstitial markers of inflammation and some important healing proteins 
were characterized through microdialysis. Among the mediators, cytokines and growth 
factors are important for the cellular response.  
Seven cytokines and growth factors (IL-6, IL-1 , TNF-!, TGF- 1, VEGF, PDGF and 
BMP-2) were monitored due to their early expression and detection in bone fracture models 
as demonstrated in gene expression and protein production levels previously (Bourque et al., 
1993; Kon et al., 2001; Cho et al., 2002; Schmid et al., 2009). Among them PDGF has 3 
isoforms (PDGF-AA, PDGF-AB and PDGF-BB), and PDGF-BB was selected for this study 
due to its universality and the potent effects on chemotaxis and modulation for 
osteoprogenitors cells during bone repair (Caplan & Correa, 2011). The molecular weight of 
these cytokines and growth factors ranges between 12.5–51.0 kDa which potentially were 
able to pass through the CMA 20 microdialysis probe with a MWCO of 100 kDa. So far, 
sampling of these cytokines and growth factors from a bone defect site in rats has not been 
reported. Hence, the essential strategy was to first establish optimal conditions for 
microdalysis in rats with a long bone critical-size defect.  
6.1 Fluid recovery 
The recovery of large molecules is accompanied by fluid loss due to the application of 
high MWCO probes (100–3000 kDa). The disequilibrium of the osmotic pressures/hydrostatic 
pressure across the membrane causes the influx of water molecules from the perfusate to 
the interstitial space, which potentially dilutes the protein concentrations in the interstitial 
compounds and directly alters the chemistry of the interstitial space (Helmy et al., 2009). 
Under physiological conditions in capillares, few large molecules can cause marked increase 
the total osmotic pressure. Dextran-70 (70 kDa) and BSA (68 kDa) were widely used as 
colloids in previous in vitro and in vivo microdialysis studies (Ao et al., 2006; Garvin & 
Dabrosin, 2008) due to their high molecular weight and the relative inactivity. 
In this study, the fluid recover olny significant decreased after adding PER/0.2% Dextran-
70 or PER/0.4% Dextran-70 in PER at flow rates of 0.5 µL/min in rats with bone defect. For 
other cases in in vitro and in vivo study, after adding Dextran-70 or BSA in PER the fluid 
recovery increased slightly though without a statistically significant enhancement (Fig. 7). In 
a previous in vivo study the use of 1.5–4% Dextran-70 Krebs–Henseleit bicarbonate buffer at 




the increased colloid osmotic pressure (Rosdahl et al., 1997). According to Dahlin’s in vitro 
study, the addition of 2–4% Dextran-60 to the crystalloid perfusate enhanced the fluid 
recovery with increased concentrations of Dextran-60. However, the highest fluid recovery 
occurred when using 3% Dextran-60 (Dahlin et al., 2010). Compared with their studies, low 
concentrations of Dextran-70 (0.01–0.4%) were used in this study. This implied that at low 
range of the Dextran-70 concentration, the effect of Dextran-70 concentration on fluid 
recovery was small.   
Although the flow rate did not significantly affect the fluid recovery in this study, at a 
higher flow rate of 2.0 µL/min the fluid recovery was over 90% when using colloid perfusates. 
The present results confirmed the findings in the literature. Trickler et al. have used a 
100 kDa probe to investigate the fluid loss at flow rates between 0.5–5.0 µL/min when 
perfusing PBS and PBS/3.5–10% BSA. They revealed that when using a certain perfusate, a 
higher flow rate induced a greater absolute amount of fluid loss due to the increased 
hydrostatic pressure while fluid recovery was not affected by the flow rate (Trickler & Miller 
2003).  
Both Dextran-70 and BSA had an identical potency to enhance fluid recovery. But 
Hillman et al. have reported 3% Dextran-60 in ringer’s solution to be more powerful on the 
fluid recovery than 3.5% albumin when using microdialysis in humans (Hillman et al., 2005). 
It is speculated that BSA may potentially increase the permeability of the membrane by 
reducing the water barriers around the membrane (Trickler & Miller 2003). However, because 
this study used different types and concentrations of Dextran and BSA, the discrepancy 
between Dextran-70 and BSA did not become obvious. 
During 24 h after creating a bone defect or soft tissue defect in rats, the fluid recovery 
did not significantly change with perfusing either PER/0.01% Dextran-70 or PER/1% BSA. 
Furthermore, since 9 h after injury, the fluid recovery was above 95%. Some researchers 
have revealed that the in vivo fluid loss differed according to the different types of tissues like 
brain/catheter vs. cerebrospinal fluid/catheter or muscle/catheter vs. adipose/catheter 
(Rosdahl et al., 1997; Helmy et al., 2011). However, in the present study, different types of 
injury between bone defect and soft tissue defect did not alter the fluid recovery.  
6.2 Influence of the crystalloid perfusate on relative recovery  
Three crystalloid perfusates (0.9% NaCl, PBS or PER) were compared on the basis of 
relative recovery (RR) in this in vitro study. These 3 solutions are common solutions used in 
clinical or biological research because of their identical crystalloid pressure to the blood 
plasma or cells in mammals. Previous in vitro studies have suggested that the physiological 




interact with the pI of the molecules  and the charges on the probe membrane (Zhao et al., 
1995; Helmy et al., 2009). The farther the difference between the pI of cytokine or growth 
factor and the pH of the perfusate, the stronger the hydrophility of the cytokine and thus the 
better the recovery which can be achieved (Helmy et al., 2009). However, in this study, the 
pH of crystalloid perfusates adding BSA were not measured. Therefore, it is impossible 
to determine the reason for the individual detection of IL-6 on the aspect of relationship 
of pI and RR when using the same perfusate to sample TGF- 1 with pI 8.61 and IL-6 
with a pI of 7.7. Nevertheless, for TGF- " sampling, the pH of different crystalloid 
perfusates seems not to affect the RR. Similarly Kjellström et al. reported that there were 
no significant differences in the RR when using different crystalloid perfusates (Ringer at 
pH 7.4 and 9.4, and PBS at pH 5.4 and 7.4) in vitro (Kjellström et al., 1999). Therefore 
0.9% NaCl, PER and PBS were all acceptable crystalloid perfusates. 
6.3 Relative recovery of cytokines and growth factors in vitro 
In vitro, the recovery of TGF- ", VEGF and IL-6 was investigated using different 
perfusates and flow rates to optimize the conditions for in vivo microdialysis. Neither the used 
crystalloid perfusates nor the addition of Dextran-70 resulted in a reproducible detection of 
these proteins. However, addition of 1% BSA led to detectable IL-6 and TGF- " 
concentrations (Fig. 9, Fig. 10). Consistent with previous findings, the colloids enhanced 
cytokine RR (Hillman et al., 2005; Helmy et al., 2009). Furthermore, apart from the effect of 
the increasing colloid osmotic pressure, BSA can potentially serve as a blocking agent to 
prevent the non-specific binding of proteins to the inner wall of the tube or the membrane (Ao 
et al., 2006). In addition, being a negatively charged protein, it generates an ionic gradient 
across the probe membrane. Via binding with the charged proteins, a BSA-protein complex is 
formed and consequently prohibits the reflux of the proteins. However, the neutrally charged 
Dextran is unable to do so (Trickler & Miller, 2003; Helmy et al., 2009). Moreover BSA could 
reduce the water boundary surrounding the membrane to maintain the permeability of the 
membrane, although this potentially would increase the fluid loss (Trickler & Miller, 2003). 
Nevertheless, the discrepancy between BSA effects on sampling TGF- "#$%&#'(-6 in this in 
vitro study was probably due to the different pI and molecular weights. In PER (pH 6.0), 
TGF- " possesses more positive charges (pI 8.6) than IL-6 (pI 7.7). This suggests that the 
BSA was able to bind with TGF- "#)$*+,)#*+$%#'(-6. The smaller size of TGF- "#compared to 
IL-6 (12.5 kDa vs. 21.6 kDa) may also have partially accounted for the superior passing. On 
the other hand, compared to previous studies, the individual detection of IL-6 may be ascribe 
to multiple factors: the different concentrations of IL-6 in the external fluid, the different 




(Ao et al., 2005; Ao et al., 2006; Wang & Stenken, 2009). Although it is known that RR 
depends on the concentration of the colloid, Hemly et al. have indicated the higher 
concentration of colloid might bring more external fluid into the microdialysate which induced 
a low RR compared with a lower concentration of colloid (Helmy et al., 2009). In this in vitro 
study, the low concentration (0.01–0.04%) of Dextran-70 might explain the missing 
correlation between colloid concentration and RR. 
It is known that an increasing flow rate reduces the RR for cytokines in vitro (Ao et al., 
2004; Ao et al., 2005; Duo & Stenken, 2011). Many researchers used an ultraslow flow rate 
to achieve a higher RR (Kjellström et al., 1999; Rosenbloom et al., 2005; Helmy et al., 2009). 
Although at a slow flow rate some additives like BSA have sufficient time to bind with the 
target, the negative effects on recovery, like evaporation and limited sample volume, led to 
using flow rates of 0.5, 1.0 and 2.0 µL/min in this study based on the previous literature (Li & 
Cui, 2008). Similar with the results from Ao et al. who found a decreasing RR for some 
cytokines including IL-6 with increasing flow rate (0.5–2.0 µL/min) (Ao et al., 2005), the 
present in vitro study showed that RR of TGF- "#&,-),$.,&#/0*+# 0%-),$.0%1# 234/# )$*e, but 
IL-6  did not constantly follow this principle according to the individual detection. The 
discrepancy may be explained by the fact that Ao et al. have used a longer probe (10 mm) 
and higher concentration of IL-6 in the standard external fluid (Ao et al., 2005). Furthermore, 
Waelgaard et al. also reported that some molecules like chemokines and anaphylatoxins 
would break the inverse relation between RR and the flow rate. It was assumed that these 
molecules easily bind with the inner surface of the membrane. Thus the higher flow rate 
could flush and resolve them into the microdialysates (Waelgaard et al., 2006).  
VEGF was below the detection limit of ELISA in all in vitro microdialysates. It was found 
that the recovery efficiency decreased with an increased molecular weight of the protein 
(Schutte et al., 2004; Helmy et al., 2009). The larger molecular weight of the rat recombinant 
VEGF homodimer with 50 kDa might restrict crossing of the 100 kDa membrane. It is known 
that only proteins with one third to one fourth of the MWCO have a good recovery (Plock & 
Kloft, 2005). However, many in vitro and in vivo studies proved the recoverability of VEGF by 
using 100 kDa probe (Dabrosin et al., 2002; Helmy et al., 2011; Åberg et al., 2011). The RR 
of VEGF in vitro was found 4% at a flow rate of 2.0 µL/min at room temperature using 10 mm 
length of 100 kDa probe, but the concentration and composition of the protein solution were 
not reported (Dabrosin et al., 2002). One interpretation might be the different parameters 
used in previous experiments, e.g. the longer probe (10 or 20 mm probe), higher 
concentration of colloid (3.5% human albumin solution), or slower flow rate (0.3 µL/min). 
Furthermore, the cytokine concentration in external fluid linearly correlated with the RR 
(Folkersma et al., 2008). Hence, low concentration of VEGF in external fluid probably also 




6.4 In vivo microdialysis  
6.4.1 Total protein concentration  
By perfusing PER, 0.9% NaCl or PER/0.01% Dextran-70 during microdialysis in rats with 
bone defect, the total protein concentration in the microdialysates ranged from 0.14 to 
0.36 mg/mL which is similar to the concentration of total protein measured in microdialysates 
from the brain (Maurer et al., 2003; Hillman et al., 2005). For 2 h- or 3 h-intervals, the highest 
concentration of the total protein occurred in the first interval. This was related to the initial 
burst when starting microdialysis without equilibration. To get a steady-state for sampling, it is 
required to perfuse until the concentration gradient in external fluid becomes steady 
(Benveniste et al., 1989). Rosdahl et al. have used ultraslow flow rates to test the 
equilibration time in human muscle and adipose tissue. They found that time of equilibration 
for molecules, like glucose, lactate and glycerol took 90 min after probe insertion to get to a 
steady-state, whereas urea was faster (Rosdahl et al., 1998). As seen in this in vivo study, 
after the burst during the first interval, the total protein concentrations were constant. It could 
be shown that microdialysate collection from a bone defect was possible for 24 h 
continuously without substance loss.  
6.4.2 Annotation of proteins in hematoma identified by HPLC-MS/MS  
1) Overview of the detected proteins 
HPLC-MS/MS was used to profile the recovered proteins in the microdialysates and the 
proteins absorbed on the probes. In the microdialysates collected for 8 h from creation of the 
bone defect, 36 proteins were identified. However, various proteins were blocked due to the 
adsorption on the outer surface of the probe. In total, 884 proteins were found to be 
adsorbed on the probes which were implanted in rats with a bone defect within 48 h after 
surgery, while 1063 proteins were identified on the probes from rats with a soft tissue defect 
(Fig. 19). In accordance with the statement that molecules smaller than one third to one 
fourth of MWCO are readily recovered, among the proteins identified in the microdialysates 
the median molecular weight was 32.8 kDa and 78.4% of the recovered proteins were below 
MWCO (Plock & Kloft, 2005). However, among the proteins found on the probe, 87.9% 
proteins were below MWCO due to their strong adsorption. The replacement of the proteins 
on the probe and the limited availability of binding sites on the probes could explain the 
missing detection of some proteins. Nevertheless, analyzing the proteins on the membrane 
provided additional useful information to understand the process of bone healing apart from 
the proteins in microdialysates.  




extracellular region. These results demonstrated that in the interstitial space of the 
hematoma, cellular proteins from lysed cells were predominant at the early stage of wound 
healing, while secreted proteins, ECM proteins or blood proteins only occupied a small part. 
2) Biological processes 
Biological processes and the overrepresented signaling pathways were analyzed to 
reveal the underlying healing mechanism. Based on the proteins identified in the 8 h 
microdialysates, no biological processes or pathways specifically associated with bone 
healing were found. In contrast with few information concluded from microdialysates, the 
adsorbed proteins suggested that both the bone defect and the soft tissue defect displayed a 
similar biological response and that the “response of the immune system” and “response to 
stimulus” were the predominant processes during at early stage of healing. “Blood 
coagulation” as the child term of “response to stimulus” contained 17 and 9 proteins from 
probes in bone and soft tissue defects, respectively. On the other hand, among the 
overrepresented pathways, 4 of 9 and 3 of 11 were found to be significantly overrepresented 
during the early healing period. “Blood coagulation”, “integrin signaling” and “inflammation 
mediated by chemokine and cytokine signaling” were overrepresented for both the bone 
defect and soft tissue defect. In addition, the “FGF signaling” pathway was specifically 
overrepresented in bone defect only. These results were different from that of a previous 
study using the entire fractured rat femur for analysis of gene expression. The authors 
reported that “IGF-1 signaling”, “cell cycle: G1/S checkpoint regulation”, “PDGF signaling”, 
“insulin receptor signaling”, “nuclear factor ‘kappa-light-chain-enhancer’ of activated B cell 
(NF-567#.01%$30%18#$%&#9ERK/MAPK signaling” were significantly upregulated within 24 h after 
the fracture (Li et al., 2007b). Moreover, they suggested the “cell cycle” pathway was the 
central theme within 24 h after fracture. However, in the present study this signaling pathway 
was not identified as being overrepresented. Nevertheless, as a biological process it was 
found after the injury but not among the top processes. This discrepancy may be attributed to 
the different sample sources and methods of analysis (gene expression vs. in vivo 
microdialysis).  
Li et al. found “integrin signaling” was unregulated during the stage of fracture 
remodeling (Li et al. 2007b). In this study, this pathway was revealed to be overrepresented 
as early as in the inflammatory stage. Integrin signaling improves cell migration, mediates the 
cellular adherence to the ECM and affects the cell cycle specifically for neutrophils, 
macrophages and MSCs (Berton & Lowell, 1999; Docheva et al., 2007). Moreover, via 
integrin signaling the phagocytosis was actuated in neutrophils and macrophages, and 
damaged ECM facilitated the migration of cells (Docheva et al., 2007). Concerning the 




healing at an early stage via the “integrin signaling” pathway.  
The specifcally overrepresented pathway of “FGF signaling” revealed that during bone 
defect healing, the proportion of proteins involved in the “FGF signaling” over the total protein 
was significantly higher than the reference data in database of Panther. In soft tissue defects 
the proteins of “FGF signaling” were not increased significantly. This pathway can regulate a 
variety of basic cellular processes. But the response to FGF signaling is both cell type-
specific and stage-specific (Dailey et al., 2005). FGF signaling is controlled by the 
glycosaminoglycan heparan sulfate with the aid from other mediators (Jackson et al., 2006). 
FGF signaling is thought to be crucial in bone development (Naski & Ornitz, 1998). As a part 
of FGF signaling pathway, FGF-1, FGF-2 and FGF-5 were upregulated at 24 h after bone 
injury (Schmid et al., 2009). However, in this study neither FGF nor the key of this pathway, 
:;:# ),-,<*4)# .=>.*)$*,#?! was identified within 24 h after injury. The limitation of proteins 
collection, which depended on the absorption of probe membrane and the properties of 
proteins (e.g the size or pI of the proteins), may induce the missing detection.  
6.4.3 Identification of cytokines and bone related proteins   
When comparing the proteins adsorbed to the probe and the proteins identified in the 
microdialysate by HPLC-MS/MS, 6 proteins were found exclusively in the microdialysates. 
Among them only musculoskeletal embryonic nuclear protein 1 was associated with bone 
and muscle tissue. It is reported to be expressed and acutely upregulated in callus at 3 days 
after femur fracture in rats (Lombardo et al., 2004). In this study its immediate production 
corresponded to the regenerative response of bone and muscle within 8 h after bone defect.  
Among the 7 selected cytokines and growth factors (IL-6, IL-1 , TNF-!, TGF- 1, VEGF, 
PDGF-BB and BMP-2), none was detected in 8 h microdialysates via HPLC-MS/MS. 
However, by ELISA IL-6 and TGF- 1 could be detected and monitored constantly in 
microdialysates for 24 h after both bone and soft tissue defects. 
IL-6 was recoverable in microdialysates either by perfusing 0.9% NaCl, PER, 
PER/0.01% Dextran-70 or PER/1% BSA. However, without BSA IL-6 was only detected in 
individual samples. This confirmed that BSA in PER had a better performance than 
Dextran-70. After creating a bone defect and soft tissue defect, the concentration of IL-6 
peaked at 12–15 h and 6–9 h, respectively. Within 24 h, there were no significant changes of 
the IL-6 concentration in bone defect. But after a soft tissue defect has been created, the 
concentrations of IL-6 significantly increased until the interval of 9–12 h. Then in both types 
of injury, the concentration of IL-6 declined to baseline at 21–24 h (Fig. 15). These results 
correspond with a study, where IL-6 was recovered by microdialysis from ultraviolet B (UVB)-




baseline after 24 h (Averbeck et al., 2006). The production of IL-6 accompanies an acute 
injury (Farnebo et al., 2009). The present study revealed that at 6–9 h the concentration of 
IL-6 in the soft tissue defect was significantly higher than in the bone defect. The recovered 
IL-6 may have been released from PMNs, monocytes, microphages and endothelial cells 
(Cicco et al., 1990; Leeuwenberg et al., 1990; Terebuh et al., 1992). Because of the 
predominance of PMNs in wounds within 24 h, the PMNs might be tha main source of the 
production of IL-6.  
Although previous in vivo and clinical studies found TGF- "# ,@<),..04%# $%&#
concentration to be elevated in hematoma within 2 weeks after fracture, the dynamic 
changes of the production within 24 h after bone defect has not been determined yet 
(Steinbrech et al., 2000; Sarahrudi et al., 2011b). TGF- " gene was expressed constantly in 
fractured bone from mice during the whole repair process with a sharp upregulation between 
12 and 24 h after fracture, and then returned to the pre-surgery high baseline (Ito et al., 1999; 
Cho et al., 2002). In this study, the concentration of TGF- 1 in the microdialysates remained 
relatively constant over 24 h both in both bone and soft tissue defects. The concentration of 
TGF- 1 in microdialysates from human UVB-irradiated skin also displayed a similar pattern 
within the first 24 h (Averbeck et al., 2006). Moreover, a previous in vivo study demonstrated 
that the first peak of the active TGF-  was generated at 1 h after injury and the second peak 
occurred 5 days later in rat wound model (Yang et al., 1999). The initial release from the 
platelets would be sustained by release from the ECM (Werner & Grose, 2003). Although 
macrophages can produce TGF- 1 (Bourque et al., 1993), they usually occur in the fracture 
hematoma after 48–96 h, which was confirmed by the histological results of this study. Thus, 
a higher content of TGF- 1 might be obtained when prolonging the time of sample collection.  
Comparing with the consistent detection of IL-6 and TGF- 1 in microdialysates, IL-" #
and TNF-! as the predominant proinflammatory cytokines were detected only rarely within 
the microdialysates. The difficulty of IL-" #$%&#TNF-! detection was also reported in fracture 
hematoma serum in a clinical trial by Hauser et al., who detected IL-" #.<4)$&0-$33A#>=*#&0&#
not detect the soluble TNF-! (Hauser et al., 1997). Different studies showed that the mRNA 
of IL-" #$%&#BC:-!#/,),#.*)4%13A#,@<),..,&#/0*+0%#?D#+#$2*,)#>4%,#2)$-*=),#0%#E0-,#$%&#*+,0)#
productions was increased in monocytes (Kon et al., 2001; Cho et al., 2002). Of them, TNF-!#
was weakly produced at 24 h in the bone marrow space or periosteum nearest to the fracture 
in mice (Kon et al., 2001). In a rat limb trauma model, the secreted TNF-! was consistently 
detected via microdialysis throughout 3 h without a significant increase using a probe with 
100 kDa MWCO (Farnebo et al., 2009). Compared with their results, the occasional recovery 
in this study might be attributed to the higher flow rate and shorter probe membrane 
especially for the large molecular weight of TNF-!#F51 kDa). While Farnebo et al. used a flow 




study the flow rate was 2.0 µL/min and the probe length was 4 mm. Platelets as well as 
monocytes and macrophages are the major sources of IL-1 #$%&# BC:-!# (Dinarello, 1984; 
Broughton et al., 2006). The low infiltration of monocytes and macrophages and release from 
activated platelets within 24 h after surgery probably induced the low concentration of these 
cytokines being insufficient for consistent recovery and detection via microdialysis.  
Instead of detecting IL-1 #0n the fracture hematoma, IL-1R2 and IL-1ra were found to be 
adsorbed on the probe membranes within 48 h after surgery. IL-1R2 was found 24 h after 
creating the bone defect while IL-1ra was found 48 h after bone defect and 24 h after soft 
tissue defect creation. Both proteins inhibit the IL-1 signaling transduction, downregulate 
IL-1  level and inhibit the IL-1 # $-*0G0*A# in vitro (Carter et al., 1990; Giri et al., 1994). 
Neutrophils are the major source of soluble IL-1R2 after the response to TNF or endotoxin 
(Giri et al., 1994). After bone fracture in mice the expression of IL-1R2 increased within 24 h 
and peaked at day 3 (Kon et al., 2001). Overall, these results indicate that IL-1R2 and IL-1ra 
play a role in regulation of IL-1 #3,G,3s and the subsequent healing cascade.  
Previously it was reported that the concentration of PDGF and VEGF in local human 
hematoma supernatant was above 4 ng/mL within 24 h after bone fracture with a 2.5 fold and 
10 fold increase compared to the circulation level respectively (Street et al., 2001). However, 
they were undetectable locally at the site of injury by microdialysis. The pI of PDGF-BB and 
VEGF (9.3 for VEGF and 9.4 for PDGF-BB) seems not to be a barriers to their recovery, 
however, their molecular weights (40 kDa for VEGF and 30 kDa for PDGF-BB) were close to 
the optimal threshold for the 100 kDa membrane (Plock & Kloft, 2005). So far there is no 
report on PDGF-BB recovery with microdialysis, while VEGF has been recovered in several 
clinical microdialysis studies (Helmy et al., 2011; Åberg et al., 2011). However, in this in vivo 
study, VEGF and PDGF-BB were not detected in the microdialysates. The missing detection 
of VEGF was in agreement with the results of a present in vitro study, and the potential 
reasons were discussed above. Hence, the missing detection of VEGF and PDGF-BB 
suggested the difficulty of their recovery at a sufficient concentration by using a CMA 20 
probe in rats with either bone or soft tissue defects. 
Another undetectable growth factor throughout the study was BMP-2. The BMP-2 gene 
is an early response gene for bone fractures and is highly expressed within 24 h after tibia 
fractures in mice (Cho et al., 2002). However, the unexpectedly low concentration within 24 h 
after bone defect creation in rats may lead to the missing detection of BMP-2 in 
microdialysates.  
The release of chemokines is a marker of early inflammation (Klapperich & Bertozzi, 
2004). After creation of bone and soft tissue defects, CXCL-1, CXCL-5 and CXCL-7 were 
detected and monitored in 3 h-intervals for 6 h in microdialysates by proteome profilerTM 




defects, while CXCL-1 was secreted steadily after creating a soft tissue defect. Additionally 
CXCL-1 was also detected between 24 to 48 h after the bone defect by HPLC-MS/MS. An in 
vivo study showed the degree of infiltration of neutrophils to be dependent on the 
concentration of CXCL-1 (Shibata et al., 1996). Meanwhile CXCL-2 and CXCL-3 have an 
amino acid sequence homology with CXCL-1 of 67% and 63%, respectively, in rats and they 
have an identical activity for neutrophil chemotaxis (Nakagawa et al., 1994). But the release 
of CXCL-2 and CXCL-3 within 6 h after bone defect was undetectable by proteome profilerTM 
array in the microdialysates. Nevertheless, they were detected on the probe by HPLC-
MS/MS at 24 h after bone defect. It is therefore suggested that CXCL-1 plays a predominant 
role during the very early reaction to injury compared with CXCL-2 and CXCL-3.  
Besides CXCL-1, the other 2 chemokines recovered by microdialysis were CXCL-5 and 
CXCL-7 within 6 h after surgery. CXCL-5 responded immediately but the production slightly 
decreased within 6 h after bone defect creation. However, in soft tissue defects it was just 
released during 3–6 h. It can be expressed by monocytes and released from platelets (Rihl et 
al., 2009; Nurden, 2011). An in vivo study demonstrated that CXCL-5 is a potent neutrophil 
chemoattractant. Nevertheless, CXCL-5 also mediates the release of other cytokines like IL-
" #$%&#BC:-! (Chandrasekar et al., 2003). Considering to the relatively low concentration of 
IL-" #$%&#BC:-! within 24 h in bone defect hematoma, it can be assumed that there is a 
relative weak ability of CXCL-5 to induce IL-" # $%&# BC:-! in vivo. Apart from the role in 
inflammatory response, it also chemoattractes BM-MSCs, seems to be involved in regulating 
angiogenesis and mitogenesis, and may be involved in the maintenance of hematopoietic 
stem cells (Choong et al., 2004; Nedeau et al., 2008). Hence, the production of CXCL-5 in 
bone defects may potentially influence those aspects that contribute to bone healing. 
Compared to CXCL-1 and CXCL-5, CXCL-7 was abundantly released within 6 h in bone 
and soft tissue defects. During the first 3 h the release of CXCL-7 displayed a similar 
immediate response both in the bone and soft tissue defect. However, in the bone defect, the 
release of CXCL-7 only slightly increased, while in the soft tissue defect it decreased to 
about 50%. The vascular injury and the release of high concentrations of CXCL-7 from 
platelets (von Hundelshausen et al., 2007; Shi & Morrell, 2011) was associated with the 
intensive detection after bone and soft tissue defects in rats. This chemokine might be 
associated with injury due to its properties of neutrophils chemotaxis, mediation of 
neutrophils transendothelial migration and angiogenesis (Schenk et al., 2002; Romagnani et 
al., 2004). Moreover, in an in vitro study, CXCL-7 was reported to be able to recruit MSCs 
(Kalwitz et al., 2009; Kalwitz et al., 2011). Further, exogenous CXCL-7 enhanced the 
differentiation of IGF-2 treated mouse bone marrow cells into osteoclasts (Nakao et al., 2009). 
Hence compared to the other cytokines plotted on the array, the intensive and steady 




especially at the initial 6 h after injury.  
As an important negative regulator for CXCL-7, CXCL-4, also known as platelet factor 4, 
was identified in bone defect at 12 h after surgery. CXCL-4 is synthesized in megakaryocytes 
and released by activated platelets. It was also expressed in smooth muscle cells, 
monocytes or macrophages (Schaffner et al., 2005; Schiemann et al., 2006; Lasagni et al., 
2007). CXCL-4 plays a role in inflammation and wound repair. In contrast to other CXC 
chemokines, CXCL-4 lacks chemotactic properties for neutrophils (Petersen et al., 1996). 
Moreover, CXCL-4 is a high affinity heparin-binding tetramer (Ruoslahti & Yamaguchi, 1991). 
Due to these characteristics it affects the coagulation via neutralizing the anticoagulant factor 
heparin during injury (Eitzman et al., 1994). Moreover, in an in vitro study it activated PMNs 
by binding chondroitin sulfate on the cellular membrane (Petersen et al., 1998). On the other 
hand, CXCL-4 is an inhibitor of angiogenesis by inhibiting the proliferation of endothelial cells 
(Maione et al., 1990; Bikfalvi, 2004). An in vitro study in bone showed that CXCL-4 can inhibit 
collagenase and ensue the significant inhibition of osteoclastic bone resorption (Horton et al., 
1980). In addition, as a component of platelet-rich plasma (PRP), which is widely used in 
bone tissue engineering, CXCL-4 potentially contributes to enhancing the bone regeneration 
together with other mediators (Plachokova et al., 2007).  
Apart from those chemokines and cytokines, many complement components were also 
detected within 48 h after the injury. These components conducted the inflammatory and 
immune response. Apart from their effects on the immune and inflammatory response, for 
instance C5 and C3 were potentially associated with bone tissue regeneration with respect to 
chemotaxis for osteoprogenitors and the formation of osteoblasts and osteoclasts (Sato et al., 
1993; Ignatius et al., 2011; Schoengraf et al., 2013). Among the identified complete 
components, CRP is a major acute phase protein that can regulate the complement system 
(Schultz & Arnold, 1990). It is synthesized by hepatocytes. Normally it is only present in a 
trace amount in human serum under physiological conditions, but following a fracture it is 
acutely increased and peaks at day 2 in the patients’ blood (Yoon et al., 1993; Neumaier et 
al., 2006; Gottlieb et al., 2011). Therefore, in this study it likely derived from the bleeding 
blood vessels. In clinical applications, it was used to monitor the progress of fracture 
treatment as a marker of inflammation, especially acute infection (Kallio et al., 1990; Uzel et 
al., 2010). In an in vivo study on bone tissue engineering it also served as the marker of 
immune response (Niemeyer et al., 2010). Besides of local complement activation it can also 
interact with PMNs and leukocytes (Schultz & Arnold, 1990). Therefore, it is an important 
protein during bone healing, but the specfic role of circulating or local CRP in bone defect 
healing need to be further eludicated.   
Among the proteins which were specifically present in the bone defect according to the 




protein 1 is a biomarker of inflammation (Rathcke et al., 2006) and was found in bone defects 
at 17 h and 24 h after surgery. The biological function of this protein is unclear, but so far it 
was found to be associated with wound healing and tissue remodeling (Gottlieb et al., 2011). 
It can modulate type I collagen fibril formation, proliferation and differentiation of cells and 
angiogenesis by enhancing the migration of endothelial cells (Nishikawa & Millis, 2003; 
Stoffel et al., 2007; Gottlieb et al., 2011). Although it played a central role in chondrogenesis, 
according to data from clinical studies, the circulating Chitinase-3-like protein 1 increased 
within 24 h and then declined at 3 days after tibia fracture (Stoffel et al., 2007; Gottlieb et al., 
2011). Hence, the potential source of Chitinase-3-like protein 1 might be the blood during 
bleeding. Moreover, the circulating level depended on the fracture type and the amount of the 
osseous injury (Gottlieb et al., 2011). Nevertheless in accordance with the qualitative results 
in this study, more information about this protein at the site of injury during the early stage of 
bone healing is needed.  
Although IGF-1 was not detected in the hematoma by microdialysis or on microdialysis 
probes within 48 h after creating the bone defect, a 15 kDa IGF-1 isoform A preproprotein, 
was found in the bone defect at 48 h after surgery. It was cleaved to IGF-1 (Chen et al., 
2001). Although IGF-1 mainly functions at the soft callus stage, during the very early 
inflammatory stage macrophages and periosteum cells might produce the preproprotein 
(Bourque et al., 1993; Okazaki et al., 2003). In an in vivo mandibular osteotomy model, the 
mRNA expression of IGF-1 decreased at day 3 after surgery (Steinbrech et al., 1999). 
However, Li et al. have demonstrated that IGF-1 signaling pathways were upregulated 
according to genetic analysis within 24 h after a rat femoral fracture (Li et al., 2007b). 
Therefore, the presence of IGF-1 isoform A preproprotein in bone defects indicates that the 
synthesis of IGF-1 corresponds with early defect healing. 
Finally, RoBo-1 is a bone specific protein, which was identified both in bone and soft 
tissue defects. It was firstly reported in rats as a novel cDNA in 1998 and was found to be 
abundant .<,-0H-$33A in the growth plate during endocartilagineous bone healing (Noel et al., 
1998). Hence, this protein may be derived from the injured matrix. In an in vivo study it was 
found that during rat tibia regeneration the RoBo-1 gene expression responded to PTH 
treatment (Horesovsky et al., 2003). Moreover, it also responded to an estrogen treatment in 
bone tissue (Noel et al., 1998). However, considering the limited information that s available 
so far about this protein, the relationship between the protein and early bone healing needs 
to be further eludicated.  
6.5 The humoral inflammatory response  




is accompanied by a local response to recruit angiogenic cells and MSCs (Marsell & Einhorn, 
2009). For some proteins, it is assumed that the circulating levels are related to the fracture 
healing process (Zimmermann et al., 2005). The present study revealed the temporal pattern 
of circulating concentrations of IL-6, IL-1 , TNF-!, TGF- ", VEGF, PDGF-BB and BMP-2 in 
rats with bone or soft tissue defect. The observations were made up to 24 h after the injury. 
Among those cytokines, only TGF- "I#JK;:#$%&#LM;:#/,),#consistently detected in the 
blood plasma. IL-6 was detected in individual samples.  
Circulating TGF- "# /$.# .=11,.*,&# *4# >,# $# >04E$)N,)# 42# &,3$A,&O%4%=%04%# 2)$-*=),#
(Zimmermann et al., 2005). The increasing plasma concentration of TGF- "#lasted for about 
8 h with a sharp increase at 2 h, followed by a decrease at 24 h in bone defects. This trend 
was not reproduced locally with microdialysis that showed a constant production of TGF- "#
for 24 h at the site of injury. Compared with the bone defect, the plasma concentration of 
TGF- " decreased in the soft tissue defect without any increase before 21 h. The acute 
increase might be ascribed to the uptake of TGF- "#2)4E#*+,#34-$3#site of injury into the blood 
stream which usually takes hours to days (Giannoudis et al., 2008). Moreover, the systemic 
TGF- " did not correspond to the local release. 
Within 8 h of bone defect creation, the concentration of circulating PDGF-BB showed an 
inconsistent trend with an immediate increase after the injury. This may be attributed to a 
constant release from platelets and the plasma levels of PDGF-BB seems not to be affected 
by the injury within 8 h. Furthermore, the concentrations of VEGF in the circulation were 
below the detection limit of ELISA before and after surgery. A 24 week observation in patients 
with fractures revealed increasing levels of circulating TGF- "# $--4E<$%0,&# by increased 
concentrations of the circulating PDGF, VEGF and M-CSF which indicated the systemic 
response to fracture (Sarahrudi et al., 2011a; Sarahrudi et al., 2011b). However, no such 
correlation was seen in 8 h after bone defect or soft tissue defect in rats. Moreover, elevation 
of circulating PDGF and VEGF concentrations has been observed within 24 h and 1 week 
after the trauma (Street et al., 2001; Sarahrudi et al., 2009). Street et al. found that together 
with the local response to bone injury, the systemic response of PDGF and VEGF culminated 
following fracture revascularization (Street et al. 2001). Within 8 h after the injury, no 
angiogenesis was noticeable, which corresponds to the fact tha the plasma levels of 
PDGF-BB and VEGF were not affected by the injury. 
Other than in previous animal or clinical studies which found the circulating 
concentrations of IL-6, TNF-! and IL-" # to be increased during the initial stages of fracture 
healing (Kobbe et al., 2008; Lee et al., 2009a; Sears et al., 2010), this study revealed that 
IL-6 concentration in the blood plasma was only measurable in individual samples and that 
TNF-! as well as IL-" #/,),#%4*#&,*,-*$>3,#0%#>344&#<3$.E$#%,0*+,)#before nor after surgery 




the systemic inflammatory cytokine response in rat may not be significant immediately after a 
local bone or soft tissue defect.  
The concentrations of circulating BMP-2 were below the detection limit in all blood 
plasma samples in this study. BMP-2 was reported to be detectable in the circulation of 
healthy human volunteers and healthy rats (Park et al., 2008; Choi et al., 2012; Günary et al., 
2013). In Zimmermann’s study, the circulating BMP-2 was not detected for 72 weeks after 
bone fracture in patients (Zimmermann et al., 2005). However, no information is available 
about the plasma BMP-2 in rats with either a fracture or bone defect. This study suggests for 
first time that BMP-2 does not respond systemically in rats during the early phase after bone 
injury in detectable concentrations.  
6.6 Cellular response 
In this study, at 9-12 h after bone defect creation, PMNs and mononuclear cells were 
found to be scattered in the bone defect hematoma and their amount peaked at 24 h. 
Meanwhile the monocytes were seen since 24 h after bone defect and the macrophages 
appeared at 45 h (Fig. 27). The PMN infiltration was in agreement with a previous in vivo 
study which demonstrated that the infiltration of inflammatory cells scattered throughout the 
site of bone injury during the early stages of fracture healing (Andrew et al., 1994). Moreover, 
in this study several cytokines including IL-6, CXCL-1, CXCL-2, CXCL-3, CXCL-4, CXCL-5, 
CXCL-7 and TGF- "#/,),# 0&,%*020,&# *4#>,#$..4-0$*,&#/0*+# *+,# -+,E4*$@0.#42# 0%23$EE$*4)A#
cells into the hematoma. In a sheep fracture model, the PMNs in the fracture hematoma 
increased over 1–4 h and then decreased due to the short life span. Subsequently, the 
percentage of lymphocytes was elevated. The same study revealed that the number of 
monocytes was increased within 4 h (Schmidt-Bleek et al., 2009). The discrepancy to this 
study might be due to the different analysis methods and the different experimental models. 
Moreover, many in vivo studies have demonstrated that after a fracture few monocytes are 
transformed into macrophages within 24 h and macrophages become predominant after 48 h 
(Bourque et al., 1993; Andrew et al., 1994; Kon et al., 2001).  
An abundant fibrin network was seen in the fracture hematoma beginning 24 h after 
bone defect creation in the present study. At 45 h after surgery, the fibrin network formation 
increased and became looser. This primitive fibrin network helps to recruit more cells 
including bone progenitors thus being beneficial for the bone healing progress. In a study on 
rats a cranial bone defect was flled with connective tissue, endothelial cells and clots within 
one day after the injury (Itagaki et al., 2008). However, in this study, endothelial cells were 
not identified in the hematoma by H&E staining within 45 h after surgery. This result was in 




fractures in mice (Bourque et al., 1993). The different bone types, animals and bone defect 





7 Conclusions  
In the present study microdialysis could be established to monitor the local early 
response to bone and soft tissue injury in rats with a critical-size bone defect. Among the 
different conditions for microdialysis, adding the colloids BSA or Dextran-70 to the crystalloid 
perfusates slightly enhanced the fluid recovery. The crystalloid perfusates did not significantly 
affect the recovery of cytokines and growth factors. Nevertheless, 1% BSA had a slightly 
better performance with respect to enhancing cytokine and growth factor recovery. The flow 
rates did not significantly affect the protein recovery in vitro or in vivo, but at a flow rate of 
2.0 µL/min the total amount of protein was higher and larger sample volumes were obtained 
which was beneficial for multiple analysis.  
During 24 h after surgery, among 7 cytokines and growth factors involved in early wound 
healing, only IL-6 and TGF- "#/,),#&,*,-*$>3,#-4%.0.*,%*3A#0%#>4%,#4)#.42*#*0..=,#&,2,-*s with 
microdialysis. The concentration of IL-6 peaked during 12–15 h in microdialysates from bone 
defects whereas the concentration of TGF- "#remained relatively constant for 24 h. However, 
the concentrations of TNF-!I#'(-" I#JK;:I#LM;:-BB and BMP-2 were below the detection 
limits of the ELISA. Furthermore, several chemokines like CXCL-1, CXCL-5 and CXCL-7 
were released in bone defects within 6 h after surgery, and CXCL-2, CXCL-3, CXCL-4, 
RoBo-1, IGF-1 isoform A preproprotein and Chitinase-3-like protein 1 were identified on the 
probe membrane implanted in bone and soft tissue defects. Taking all detected proteins from 
bone detect hematoma into account, it was revealed that during 48 h after bone defect the 
pathways of “nicotinic acetylcholine receptor signaling”, “blood coagulation”, “integrin 
signaling”, “inflammation mediated by chemokine and cytokine signaling” were 
overrepresented bone and soft tissue defects. In addition, the “FGF signaling” pathway was 
specifically overrepresented in bone defects and s therefore thought to have a particular role 
in bone healing.  
When looking at the systemic reaction to bone and soft tissue injury, only PDGF-BB and 
TGF- "#/,),#-4%.*$%*3A#&,*ected in the blood plasma within 24 h. This finding suggests that 
during the response to bone defects in rats different mediators are expressed systemically 
and locally.  
In the histological analysis, polymorphonuclear leucocytes and mononuclear cells 
infiltrated into the bone defect hematoma immediately after surgery and peaked at 24 h.  
The experiments used in this study may serve as a baseline for further investigations of 
the acute response to osseous and soft tissue trauma with microdialysis. The detected 
proteins like CXCL-1, CXCL-2, CXCL-3, CXCL-4, CXCL-5, CXCL-7, RoBo-1, Chitinase-3-like 
protein 1 or IGF-I should be monitored further to enhance our understanding of the complex 
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